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ABSTRAC T 
Two distinct though cloJely related structural fam'lies are 
examined. One , the hwnite family , is described as mimetically 
twimled , cubic-cl03e-prlcked (c. c . p.) dl rays of A cations , wi th B 
calions in A5 trigonal prisms in the composition planes. The anions 
are (usually ) in BA3 teLrabedra . A 9 nera l " twin formula" may be 
n-l 
WI.] tten as (2 ,3), the twin individuals being two and three A cations 
wide . (The superscript n-1 jndicate s the number of consecutive twi n 
lamellae of thickness 2 ). The other , which is called the 
leucophoenicite f ami ly has twin individuals one or two A cations wi de 
mI d twin formula (l,2n ). The olivine structure (22) is the cornmon 
member towards which both families converge at large values of n . 
In addition to the type structures , the (humite and l eucophoenicite 
minerals), which are silicates, there are also borates, germanates , 
etc ., whose cation arrays place them in these families. 
High-resolution transmission electron microscopy (HRTEM) and 
selected area electron diffraction (SAD) were used to examlne both 
natural and synthetic silicate members of these families . The 
Mg-humite minerals , ideally described as n Mg2 Si04· M9(OH,F)2 
(1~n(4) showed faults on (00 1) which arose from variations in the 
width of the olivine portion of the crystals . These were identified 
as upper member lamellae in which n was nearly always even 
( i . e ., n = 6 , 8, 10 etc.,) . In fluoro-clinohurnite the lamellae were 
sometimes perfectly ordered, giving rise to superstructures with 
relatively large c axes . These supercells always consisted of several 
consecutive unit cells of clinohumite (n=4) followed by a unit cell 
o 
of the n=6 member ; the largestd(OOl) spacing observed was 169A. 
\! 
It was also found that coherent intorgrowths of maSSlve portions 
of humite (n=3 ) and rhondlodite (n=2 ) often occurred . 
The ill-humite (all<.:ghanyit.e ) mine..cals differed in sorre 
respect.s from thpir magnesium analogues . They agaJ. n rc..vci11?d COllt L~'nt 
ill lc-rg 'ov:ths of the group membe s , wi lh in some (' lS('S " 'rv ,-jr' ~l 
lame} Jar fault-ing , especially in allegdanyite C'!n-chondr odite ) 
s ecimens from the Benallt mine, Wales , but superst ructures were very 
rare . One , \'lih i ch was an ordered intergrowth of alternating bands of 
manganhumi te and sonol i te ( m- cli nohumi te l was observed . Fragments 
were o fte n twinne d p olysynthetica lly. Many specimens yielded crystal 
fragment s o f more than one membe r of the series , but not with 
cohe r en t boundaries. 
Th e most c ornmon silicate membe r of the l eucophoenic i te f ami ly is 
A comparison of obse rved and comp uter-simulated l e u cophoe nic i te 
structure images supported the proposals that the structure poss'e sses 
edge-shared pairs of 04 te t rahe dra that are half-occupied by Si, and 
that crystals contain pl a n a r faults p arallel to (001). The la t t e r we re 
interpreted as lamellae of other me mbe rs of a proposed leucophoe nicite 
series (analogous to the humite s e r i es) . Such f a ults g a v e r ise to 
o 
microtwinning , often on a scale of l e ss than 100A . Humite series 
members were also very occasionally intergrown with leucophoe nicite . 
One specimen that came from Pajsbe rg (Swe de n), was a sso c iate d wi th 
orthochrysotile . In the electron b e am l e ucophoe nicite transfo rme d 
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Vll 1 . 
INT ROD UCTION 
'Fe if fling 
Traditionally , minera logists and crystal chemists have 
d-,fined a twinned crystal as an aggregate of two (or TTlore ) individuals 
whose relative orient~tions are fixed by a twi n law. The particular 
twin law can vary according to the substance and/or the gro\.\'th condi tions . 
Twinning may be polysynthetic (l t~peated irregularly) or miTw;tic 
(repeated regularly). These terms , originally u sed to describe 
macroscopic twins - those visible in hand spcclmens or petrographic thin 
section - have more recently been applied to twinning on a unit-cel l 
or sub-unit-cell scale; l.e. chemical twinning . 
Twinning of a hexagonal-close-packed (h.c.p.) array or a 
cubic-close-packed (c.c.p.) array on appropriate twin plw1es of the 
type {112l}h can result in the formation of a new interstice in the 
e x 
<. 
composition plane . In the special (and very simple) case when the 
twin and composition planes are identical; i.e. {1122}h for h.c.p. or 
ex 
{113}f . c .c. = {1123}hex for c . c.p . , the new interstice can be a trigonal 
prism (Figur e 1 ). Twin planes of the type (112l), l > 3 occur in mixed 
hc stacking : l is equal to the number of close-packed layers in the 
repeat . 
Mimetic twinning of this sort generates new structure types . 
An example is given in Figure 2 where c.c.p. atoms are twinn e d to yield 
regularly repeated twin bands three atoms wide [=3d (1123)]i the twin 
formula of such an arrangement is ... (3,3) .. . = (3 2 ). Filling all the 
trigona l prism interstices yields the Re3B alloy type ; if the octahedral 
in t erstices are filled as wel l, then the Cr3GeC alloy type is produced. 
Numerous structures can be derived from a given parent structure by 
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( a) (b) 
(a) A hexagonally-close-packed atom array projected down 
(b) 
<1100> and. twinned on {1122} . The twin plane 
(= composition plane) is arrowed. These edge-sharing 
rows are joined into sheets by corner-sharing along 
the composition plane . Some octahedra are also shown. 
-
A cubic-clo~e-packed atom array projected down <110> f.c.c. 
and twinned on {113}f = {1123}h . In the twin 
. c. c. ex 
plane (arrowed) the trigonal prisms are seen down the 
three-fold aXlS . 
crystallographic shear (CS) . [Those ideas are reviewed In Hyde, et ale , 
1979J. 
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FIGURE 2: Cubic-close-Ic.cked atoms which have been mimetically twinned 
on (113) f.c.c. to give twinned c.c.p . ... (3,3) .... 44 
layers of atoms In two twin bands are joined by dotted lines . 
Each band is three atoms [3d(1123)] wide . If the trigonal 
prism interstices are filled the Re3B structure type results . 
When both the trigonal prism and octahedral sites are 
occupied the Cr3GeC type is formed. (Arrows .indicate twin 
planes) . 
'. 
Anion and Cation Packing 
The starting point In a conventional description of a structure 
has usually been the geometry of the anlon array (often "close-packed"), 
the cations then being accommodated in octahedral, tetrahedral etc. 
interstices . Although this . approach has been useful, there are instances 
where it is not; especially when the anion array is far from regular. 
It has been noted on several occasions, that in some structures 
the cation array is more regular than the anion array and corresponds 
to a well known alloy type (Hauck, 1980; Geller , 1959) . Indeed, this 
" unconventional" description is regularly adopted in the case of 
antistructures, where the cation packing is emphasised and anlons are 
inserted in the interstices of the cation array . So it is perhaps 
remarkable that the anion array has remained dominant in descriptive 
crystallography . Recently, the alternative approach has been used by 
)' 1 . 
0 ' Y.eef f e and Hyde (1982 ), to help describe othcThTise intl.actable crystal 
structures . The imp l ication of sllch y.,Tork is that the structures are 
determined by cation } ather than anion 1 ackiny ; \\'hich ~ ay further imply 
that cation s are " larger" than anions , rathe r than the acccpted inverse . 
Al though the ionic radi i of Pau l ing ( 1960) suggest that anions 
are ge nerally l ar ge r than cations , these values are somewhat misleading 
since the y are obtained fo r free iens rather than ion s incorporated I n 
a crys tal l attice. Inserti n g a f r ee anl on into a crystal place s i t I n 
a field of positive Made lung pote ntial whi ch contracts i t s e l e c t ron 
cloud; conve rsely, the cations are subj e ct to a negat i v e p o t e nti al and 
expand (O'Kee ffe, 1977; Pas chalis and We i s s, 1969; Tos i, 196 4). More 
recent studies make s ome allowance for this effe ct (Sh annon, 1976), an d 
yield anion radii which are smaller than those originally proposed. 
o 
[For example, Pauling's (1960) 0 2- radius = 1.40A; Sh annon's (1976) 0 2-
o 
radius (for sixfold coordination) = 1.26A]. Slater (1964) revived 
Bragg ' s (1920 ) empirical atomic radii (which are derived solely from 
bond lengths ) to obtain radii which hold reasonably well for covalent, 
o 
metallic and ionic bonds. [The atom radius for 0 = 0.6SA (Slater, 1964)J. 
In addition to the inherent uncertainty in defining the "size" of ions, 
it should be noted that organic crystal chemists as well as uSlng 
" covalent radii", also find -it necessary to adopt (d i fferent) non-
bonded radii in order to be able to predict bond angles and conformations. 
Significantly , the analogous approach applied to inorganic ("ionic") 
crystals reveals that non-bonded radii of cations are larger than those 
of anlons . 
':l~_a unified concept which can explain (or predict) the geometry 
of inorganic , organic and organometallic structures is lacking. A 
possible method of overcoming this ma y be by extending one of 
the accepted criteria for describing the solid state to include a wider 
range of structures . With this in mind, O'Keeffe and Hyde (1981) have 
XLl. 
used non-Landed interactions to examine the gncm~try of some simple 
inorganic structures . Of course , the appli cation of " conformational 
analysis " to in inite l.,17or anic cry.'-'tals rather than isoloLed mole ules 
or molecular crystals lS a consid8rab ly more difficult problem . So far, 
this approach has been used quantitatively only for corner-connected 
tetrahedral arrays, where a degree of flexibili ty is available v.'i thout 
tetrahedral distortion. [The absence of polyhedral distortion greatly 
simplifies such calculations]. 
The Application of TWinning and Non-bonded Radii to the Humite and 
Leucophoenicite Structv~al Families 
In this thesis it is proposed, (simply by a consideration of 
the geometry of the structures), that the humite and l eucophoeni cite 
families which are usually described as cation-stuffed h.c.p. anion 
arrays, may be better represented as twinned arrays of the majority 
cation . Such an approach leads to a simple crystallographic shear (CS) 
<. 
relationship between the members of both families; a fact which has 
eluded crystallographers for some time. 
Chapter 1 
THE HUMITE AND LEUCOPHOEt~ICITE FAMILIES OF STRUCTURES 
1.1 Introduction 
It has frequently been noted that the structures of 
leucophoenicite and some related compounds and those of the hurnite 
minerals (forsterite, norbergite, chondrodite, hurnite and clinohurnite) 
have cornmon geometrical features. Moore (1970) determined the 
structure of leucophoenicite, and used a module of five edge-sharing 
M06 octahedra, "the generalised olivine type", to construct a 
leucophoenicite family of structures (Figure 1.1) as did Belokeneva 
et ale (1973) and Brovkin and Nikishova (1975). But this module cannot 
generate the structure of any member of the humite family (except the 
olivine type). Norbergite structure elements do not contain it, cf. 
Belokeneva et ale (1973). Hence, a well-founded relation between the 
two groups of structures has remained elusive. 
1.2 The Humite Family 
The type structures for this family, the hurnite minerals, 
have the general formula nMg2Si04.M9(OH,F)2, where n = 1 for norbergite, 
n = 2 for chondrodite, n = 3 f9r hurnite, n = 4 for clinohurnite and n = 00 
for forsterite (olivine structure). Using the conventional model of 
hexagonally-close-packed (h.c.p.) anion arrays Taylor and West (1927) 
and Thompson (1978) described the series as intergrowths, (on a unit-
cell scale), of olivine and brucite (Mg( OH) 2 ) or olivine and norbergite 
respectively. However, accurately refined structures (e.g. Gibbs and 
Ribbe, 1969; Fujino and Takeuchi, 1978; Ribbe and Gibbs, 1971) revealed 
that the anion arrays were highly distorted. In any case, neither 
representation is entirely convincing: the brucite/norbergite layers 





FIGURE 1.1: (a) Two of the five-octahedral units used to construct 
members of the leucophoenicite family. They are designated rl or - r2 
according to their direction. 
(b) The octahedral arrangement in leucophoenicitei it 
consists of two rl clusters followed by an r2 cluster. In Moore's 
notation leucophoenicite is represented by ... rlrlr2r l r l r 2 ··· 
(c) The octahedral arrangement in olivine which is 
represented by ... rlr2~lr2 ··· . 
In this account a radically different approach, pioneered 
by Q'Keeffe and Hyde (1981, 1982), is used to describe the humite 
and (le ucophoenicite) families . Instead of regarding the structures 
as cation-stuffed anion arrays the contrary approach that they are 
anion-stuffed cation arrays is adopted. 
3. 
The end-member cEticn arrays are well-known alloy 
structures; in the case of the humites those of Ni2In (for forsterite) 
and Re3B (for norbergite) (Figure 1.2). These alloy types are 
conveniently described in terms of unit-cell twinning (Andersson 
and Hyde, 1974; Hyde et al., 1974, 1979). Both are twinned cubic-
close-packeo (c. c.p.) arrays of the n.cl jori ty atcm (A = Ni, Re), 
with the minority atoms (B = In, B) occupylng trigonal prlsms 
(BA 6 = InNi 6 , BRe6) in the composition planes between the twin 
lamellae. In Ni 2 In , the BA6 trigonal prisms form columns, (sharing 
triangular faces down the projection axis), which are connected into 
infinite walls by edge sharing in the C direction; for Re3B, the 
BA6 trigonal prisms occur as isolated columns. The former has twin 
bands two atoms wide, the latter three atoms wide. They are therefore 
described as twinned c.c.p .... 2 ,(2,2),2 ... =(2)2 and ... 3 ,(3, 3),3 ... =(3)2 
respectively, where the parentheses in the sequences denote the 
unit cell. 
Forsterite (Mg2Si04 = A2BX4 ) is then twinned c.c.p. Mg(2)2 
and norbergite (Mg2Si04· Mg(OH,F)2 = A2BX 4 .AX2 or A3BX 6 ) is twinned 
Mg(3)2 with, in both cases, Si atoms in Mg6 trigonal prisms. Divalent 
anlons (02-) occupy SiMg3 tetrahedra and monovalent anions (OH-,F-) Mg3 
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FIGURE 1.2: (a) The structure of N ;.2 In. 
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,o A 
0 .• Re Co. 50) 
0 .• B CO.50) 
(b) 
The Ni ... (2., 2) ••• twin 
bands are shown in the upper half, and edge-sharing Ni6In trigonal 
prisms are emphasised in the lower part. (b) The Re3B structure. 
4. 
It is close-packed Re ... (3.,3) ••• , in which isolated trigonal prisms 
are occupied by B. 
I II II I I 
,o A 
O .• Fe C-o.-50) .B 00 
FIGURE 1.3: The It is isostructural 
with norbergite and has twin formula ( 3 2 ). The right hand portion 
shows the conventional description as serrated chains of edge-sharing 
Fe06 octahedra. Also shown are the BFe6 trigonal prisms. 
5 . 
triangles. The remalnlng humites are twinned c.c.p .... 2 , (3,2) , 3 ... 
Parentheses indicate the cpystallogpaphic pepeats, (22) ,( 3 2 ) , 
(3,2), (3,22)2 and (3, 92). There must be an even number of twin planes, 
and therefore layers in the unit cell. The corresponding layep pepeats 
are 2 , 3 , (2,3), (3,22 ) and (3, 2 3). It should be noted that the number of 
2 layers between nearest neighbour 3 layers is equal to (n-l) for each 
This system is readily extended to cover other possible mixed 
intergrowths of the end members. (Interestingly, no alloys have so far 




In addition to silicates, borates containing (B04)5- anlons 
are also known: Fe3B06 = Fe2B04.Fe02 is isostructural with norbergite 
(White et al., 1965) but differs from it by containing no monovalent 
anlons (Figure 1.3). 
1.2.2 (2,3): ASB2X10 ' the chondrodite structure 
As well as the naturally occurring Mg, Mn chondrodite 
minerals, a Ca-silicate has also been prepared (Kuznetsova et al., 1980), 
Figure 1.4(a). Also, a serles of high-pressure borates with the 
chondrodite structure has been described by Capponi and Marezio (1975). 
They have the general formula M3+ M2 + (B04) 2 (OH ) ° (M 3+ = Al,Ga,Fe, 
4-x l+x x 2-x 
*This was first recognised by Prof. M. O ' Keeffe (private communication, 
1979) . 
6 . 
I I I o 5 1 
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FIGURE 1.4: Some compounds isostructural with chondrodite; twin 
formula (2 , 3). Both the conventional cation-centred polyhedra of 
anions and the intergrowth of Ni 2In(2) and Re3B( 3)structures are 
shown. (a) hydroxyl calcium chondrodite, 2Ca2Si04.Ca(OH)2 (b) 
( c) cadmium chondrodite, 
7. 
M2+ = Ni,Co,Mg,Fe). The hydrogen-free boron chondrodite (x = 0) 
'It is noteworthy that in all cases the cation arrays are 
regular whereas every anion array lS considerably distorted from ideal 
hexagonal "close-packing". In particular, in Figure 1.4(c), which 
shows the structure of 2Cd2Si04.Cd(OH)2 (Egorc'v-Tismenko et al, 1972), the 
distortion of the anion array is extreme but, significantly, the cation 
array remalns quite regular. * In this example an additional (anion) 
distortion apparently doubles d (001); [cf. the more uS'lal chondrodi te 
structures in Figures 1.4(a) and 1.4( b )]. 
1 . 2 . 3 
The only known examples of this structure are silicates. 
The most abundant A cations (in Nature at least) are Mg and Mn. Francis 
and Ribbe (1978) refined a magnesian manganhurnite (Mn:Mg ~ 2.3:1) crystal 
and showed that Mn-Mg ordering occurred over the octahedral sites In 
accordance with the mean octahedral bond length (Figure 1.5). Fourcrystallo-
graphically distinct octahedral sites occur in three sizes; the largest 
contain Mn exclusively , while the remaining sites contain 70% Mn and 
30% Mn . Mg is preferentially accommodated in the smaller sites. 
The stuffed alloy arrangement also suggests that there will 
be three crystallographically distinct sites; these are labelled Sl, 
S2 and S3 below. If as purported by Hyde and O'Keeffe (1981), the 
geometry of a structure is determined by cation-cation non-bonded 
interactions the size of the trigonal prism triangular faces should be 
predicted by a consideration of the non-bonded radii (R). For Mn 2+ and 
o 0 
Mg2+ the non-bonded radii are R = 1.7A and R = 1.66A respectively 
*In the original paper there appears to be a misprint: the y -coordinates 
of 0(3) and 0(8) need to be multiplied by -1. 
8 . 
o 25% Mn/ 75% MO 00 
I I I 
® 70% Mn/ 30%Mo • Mn . ~ 
FIGURE 1.5: The structure of magnes i an manganhumite, [(Mn O.6SMgO·30 
In the lower half of the drawing 1S 
shown the conventional description of the structure as serrated 
chains of Mn/Mg octahedra while the cation array is emphasised in 
the upper portion. 
I I I I o 51 o M (x - a) 0 a o Hydroxyl • H 
• M ( x-50) a 's 
FIGURE 1.6: The crystal structure of titanian clinohurnite, 
The lower half 
shows the serrated chains of M06 octahedra, while above the SiM6 
trigonal prisms and the Si04 tetrahedra are emphasised. 
.. 
0 , v'1 (0,50) 
o Si 
SI = fv1 n 
. 2= 70% Pvin / 30% 9 
3=-= 25% I In / 7~ % ~g 









(O ' Keeffe and Hyde, 1978). Tl1us , the distance at v:hich non-bonded 
o o 
interactions first become significant is 3.4A for ~m ... ~m and 3.3 6A 
for Mn ••. Mg; all the M ... M distill1ces in magnesian manganhumite are 
(slightly) below these values so that cation-cation repulsion is 
fairly high. For each of the three sites the non-bonded radii, 
averaged over the number of nearest neighbour non-bonded contacts lS, 
o 
9 . 
81 > 52 > 83 = 3 .33 > 3.26 > 3.20A . Thus, this approach to structures 
predicts the same Mn/Mg ordering that was obtained by Francis and Ribbe 
(1978) . 
1.2.4 
Once again only silicate members of this structure type are 
known , although there is no apparent reason why borate analogues of both 
humite and clinohumite cannot be prepared. Several structure refinements 
of (titano)-clinohurnite have been completed (Robinson et aZ., 1973; 
Fujimo and Takeuchi , 1978) (Figure 1 . 6) . 
1.2.5 (2n - l ,3): nA2BX 4 ·AX 2 = A2 lB X4 1 structures , n > 4 n+ n n+ 
Macroscopic amounts of these phases (ie. detectable by X-ray 
diffraction) have yet to be r eported . However , microscopic quantities, 
(a few unit cells in extent), have been observed by HREM (Chapters 3 and 4). 
10 . 
1.2.6 (2 2) : anion-stuffe d Ni 2In t yp e ; A2BX 4, the olivin e struc ture 
In the unit-cell twinning description the olivine s tructure 
is th e common member bridging the humite and l e ucophoe nicite famili e s, 
n-l n (2 ,3) and (1,2 ) with n = 00 Its structure provides the matri x i n 
which the lamellae of 1 or 3 are dispersed. Very many compounds have 
this structure, including borates, germanates etc., as we ll as 
silicates. Two examples are given in Figure 1.7. 
1 .3 The Leucophoenicite Family 
These structur.es may be described in similar terms, the end 
members being anion-stuffed twinned c.c.p. (22) (olivine structure, as 
in the humite family) and twinned c.c.p. (1 2 }. The latter has a cation 
array which is the CrB (alloy) structure, Figure 1.8(a). Intermediate 
structures will be anion-stuffed twinned c.c.p. (1,2), which is the 
into analogous BA3 tetrahedra yields structures with the following 
stoichiometries: (12) = ABX 2 , (1,2) = ABX2.A2BX4 or A3B2X5 , (1,22)2 = 
ABX 2.2A2BX 4 or ASB3X10 ' (1,2 3 ) = ABX 2.3A2BX 4 or A7B4X14 , etc. and 
olivine = (1,200)= (2 2) = A2BX 4• It is assumed that single lamellae of 
1 are dispersed in a matrix of 2 In the same way as single lamellae of 
3 are dispersed In a matrix of 2 In the members of the humite family. 
Experimental studies of the latter (Chapters 3 and 4) and of the former 
(Chapter 5) reveal no exceptions to this distribution. 
1.3.1 (12): anion-stuffed CrB type; ABX2 and related structures 
The ideal orthorhombic ABX 2 structure, produced by inserting 
anlons into all appropriate BA3 tetrahedra, is unlikely since each BX 4 
tetrahedron shares two adjacent edges with neighbouring tetrahedra, 
forming the BX2 chains, Figure 1.9(a). It is therefore not surprising 
that no example of this structure type has bee n found. A more feasible 
structure would contain BX 3 chains of corner-connected tetrahe dra, i.e. 
t a) 
I I " I I " I I lo A 







FIGURE 1.7: Olivine-type structures; 
(a) The structure of sinhalite MgAIB04 (Fang & Newnharn, 
1965). Mg and Al atoms are mimetically twinned to give the (2 2 ) twin 
formula. 
(b) Structure of Mn2SiS4(Hardy et al. 1965). 
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FIGURE 1.8: (a) The CrB alloy type endmember of the leucophoenicite 
family. It is twinned Cr . . . (1,1) ... forming walls of face-sharing 
BCr6 trigonal prisms . 
(b) It is twinned c.c.p. 
W2Co ... (1 , 2 ) . .. forming face-and edge-sharing boron centred 
trigonal prisms . 
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o o o o o 
(a) (b) 
0 . . A (0 . 50 ) 0 .• Cs (25.75 ) 
o B oX o Be 0 F 
I I I I I I I I I I I I I I I I I 
lO Z lO A 
(C) 0; . Bo (/9.31 ;69.BI) (d) 0 .• K (0.50) 
0 Ge 0 0 0 CI 0 0 
FIGURE 1.9: (a) An idealized ABX 2 structure. The cation array is 
that of erB. The anions are stuffed into tetrahedral interstices to 
form BX 2 tetrahedral chains. (b) the structure of CsBeF 3 wi th 
twinned c.c.p. Cs ... (1~1) .... It differs from the idealized 
leucophoenicite family endmember shown in (a) by having corner-
connected rather than edge-sharing tetrahedra. (c) the structure 
of BaGe03 which differs from that of CsBeF3 in that it contains non-
right GeBa6 trigonal prisms and a somewhat different conformation of 
its BX 3 tetrahedral chains. (d) the structure of high-KCI0 3 show-
ing the twinned c.c.p. K ... ( 1 ~ 1 ) ... array and the i solated CI0 3 
pyramids. 
14. 
an ABX 3 compound. An example is CsBeF3 (Steinfink and Brunton, 1968), 
shown in Figure 1 ·.9 (b). There is an oxide which is a slightly deformed 
verslon of the same structure; it has oblique rather than right BA6 
trigonal prisms . This is the high-temperature modification of barium 
metagermanate, BaGe03 (Hilmer, 1962) shown in Figure 1.9(c). 
Other ABX 3 structures with the same AB array are high- and 
low-temperature KCI03 (Ramachandran and Lonappan, 1957; Bats, 1978). 
These contain isolated CI03 (BX 3) pyramids (i.e. unconnected BX3E 
tetrahedra, where E represents the stereochemically-active lone palr 
of electrons on the Cl atom). They differ only by tilts of the CI03 
groups. The high-temperature form is shown in Figure 1.9(d). 
1.3.2 
structure 
It was stated above that chains of edge-sharing BX 4 tetrahedra 
are unlikely. For Si04 (at ordinary pressure) pairs of edge-sharing 
tetrahedra (Si20 6 groups) are hardly more plausible. * But the sub-
stitution of boron for silicon glves a stable B206 group which occurs 
in, 
(Berger, 1949), an oxygen-stuffed verSlon of a twinned c.c.p. (1,2) · 
cation array, shown in Figure 1.lO(a). The M93B2 array is of the 
W2CoB 2 type . Non-bonded repulsion between the "tetrahedrally 
coordinated" boron atoms pushes them from the centres of the edge-
shared tetrahedra into opposite faces, giving triangular coordination. 
o 0 
The B ... B distance is 2.75A which is slightly larger than 2R(B) = 2.52A. 
The majority (A) cation array in cadmium orthogermanate, 
Cd3Ge04(OH)2 (Belokeneva et al ., 1973; 1974) is also isostructural with 
*The only exception lS Ilfibrous ll silica (Weiss and Weiss, 1954) 
FIGURE 1.10: ( a) 
I I II I I I I I 
10 J 
0 .• Mg ("0.-50) • BoO 
(a) 
I I I I I 
o 




It is an anion-
stuffed version of the W2CoB 2 alloy type with twinned c.c.p. Mg ... 
(1, 2) ..• 
(b) Only half the Cd6 
trigonal prlsms are occupied by Ge; the other prisms presumably 
accommodate the protons of two hydroxyl groups. 
16 . 
the . (W2Co) portion of W2CoB 2 , Figure 1.10(b} but Ge is too large for 
both the 04 tetrahedra on the edge-shared pair to be occupied 
simultaneously. (Ge is too large either for a Ge206 group or for a 
face-shared pair of trigonal prisms, Ge2CdS' to be possible). If Ge 
atoms occupied both positions the Ge ... Ge distance would be approximately 
o 0 
2.40A which is significantly less than 2R(Ge) = 3.16A. Hence only one 
of them is occupied. The other presumably accommodates the two protons; 
the hydroxyl ions occupy the two anion sites remote from the Ge04 
1.3.3 
Although there appears to be no known alloy of the twinned 
c.c.p. (1,22)2 type there is an anion-stuffed counterpart. This is the 
orthorhombic magnesium fluoroborate, M9S(B03)3F (Brovkin and Nikishova, 
1975). The boron coordination "polyhedra" are best described as B03 
triangles, although in Figure 1.11 they are in fact shown as tetrahedra 
to emphasise the relation between this structure and that of 
leucophoenicite (below). But the boron atoms are slightly displaced 
from the centres of the 03 triangles, and in directions towards the 
o 
fourth anion of the tetrahedron, by 0.06, 0.03 and 0.04A respectively 
o 
for B(l), B(2) and B(3). (For this structure d(B ... B) = 2.78A) 
1.3.4 
So far, leucophoenicite (Figure 1.12) is the only substance 
reported to have this structure (Moore, 1970). Its stoichiometry is 
dimorphism with manganhumite is emphasised. The structure determination 
revealed that the edge-shared tetrahedra were half-occupied by Si in a 
random way, and that the four peripheral anion sites contain two oxygen 
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B atoms are in triangular coordination, but are shown in tetrahedra 
so that it may be directly compared with leucophoenicite. 
FIGURE 1.12: 
51 0 
Mn 10.50) 0 .• 
I I 
(OH) 2 ] • Half the face-sharing Mn6 trigonal prisms are said to be 
occupied by Si in a statistical manner; its twin formula is (1,, 2 3). 
1 R. 
orthogLrrnanate ), the OCCUJi0c1 Si s'tcs and the OH g~oups are strictly 
orderC'd , with si atoms ln one of ("dch of t.he l.)dir of edge-s arlng dnlon 
tetrah dra (i.e . one of each of the trigoral prisms In the face-s)tlred 
paj 1. s ) dlld lv. 0 hydrogen atoms ll1 the other . * However , HREM studies 
(Chapter 5 ) jndicate lhdt such ordEring must occur over only a few unjt-
cells at most . 
1.3.5 A2n+l B~+l X4~+2 stlucturps , n > 3 
A thorough search of the literat.ure faiJed to fjnd any such 
struc tures ; a situation analogous to the burnite series where the 
high es t reported member is (2 3 , 3 ). iicroscopic anounts of higher 
members of the l eucophoenicite family have been obselved by electron 
lcroscopy though (Chapter 5 ) . 
Structura l 
r ... 1I1 1y 
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o.~.eOJ (Hll""r,1962) CsBeFJ (Stclnflnk , Brunton, 1968) 
HIgh KCI0J (F,,--achandra~ , L.:>c.afpan.19S6) Low KCI0 j (Bat.s,1978) 
KOl0lte Mg,(BO j ): (Berger . 1949) N1J(BOJ) 2 (Pardo et al. . 19 74 ) 
JI:-.:.olte I'\nj( B0 3)2 ( ... atanabe et al.,1963) Cd 3GeOdOH)2 (Belokeneva et al. , 197 4 ) 
t-';lC:- SCOplC q..Jdntltlt'S or-served 
f"r~ rlte ~a2510. (H.z, ".1976) FeNIBO, (Caponnl et al. .1973) 
7erhrolte """~;SIO. (Frarels , Rlbbe,1980) 
IdentifIed by electron dIffractIon and high resolutlon electron mIcroscopy 
Clln0humlte 4"1g.'510 •. >\<j(OH.f) (rU)lno' Tak~u;:hi,1978) 
5or.ollLe 4....,..:510 •. I'.n(OH.fl, (Yoshlnga.1963) 
!'.Tlte 3~g:S10 •. 'I<J(OH) ,fl2 (Rlbbe , Glbbs.197l) 
3( .Hn) :510,. (Hg.I'.~) (OH,f) 2 (Nancls , Ribbe.1978) 
Olondrodl te 2!'1g. 510, . Mg (00 . f) 2 (rU) I no , Tak~uchl, 1978) 
Ca-Olondrodlte 2Ca=SI0 ... Ca(OH) 2 (Kuzr,etsova et al. ,1980) 
Al1 .. ?~anYl e 21".n~510, . I'.n (OH) 2 (RenLZL~.erlS ,1970) 
Al.Co(BO .. )O. (Ca,'onnl , Harezlo.197S) 
Cd-O o:"ldrodl Le 2Cd:SI0, .Cd(OH) 2 (E90rov-Tl&menko et al. ,19 72) 
rLuglte Hg.510 ... Mg(OH,F)2 (GIbbs' Rlbbe , 1969) FejBOb (WhIte et al.. 196S) 
Hn- rberqlte 25IO ... /'J".(OH.F)2 (FranciS' Rl.bbe.1978) 
• A mo r e comple t.e l Ist of oliVI ne t ype st.ructures I S 'l,ven In Hanke (19651 and Hull r , Roy (1~74) 
Table 1.1: Compounds belonging to the hurni t e and l e u c op hoe nici te fami lie s. 
*It 1S interesting that the original structure de t e rmination of 
Cd3Ge(OH)204 indicated a statistical d i stribution of Ge, and that only 
later was its strict ordering r e alize d . 
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1.4 Crystallographic Shear (CS) Relationships ln the Leucophoenicite 
and Humite Families 
Table 1.2: Stoichiometric equivalent members of the humite family and 




















B slte of CrB portion B site of CrB portion half 
fully occupied (as 1n occup1ed (as in silicates 
borates) and germanates) 
A3B2X6 A3 BX 6 
ASB3 X1O AsB2X1O 
A 7B~ Xl~ A7B3 . " 
A9BSXJ8 A9B"XJ8 
The members of the two structural families may be transformed 
from one to another by crystallographic shear; this is most easily seen 
by considering their alloy-like cation arrays (Figure 1.13). The 
application of regularly repeated CS to norbergite, (3 2 ), generates all 
the members of the humite family, and eventually olivine, (2 2). 
Continuing the process yields successive members of the leucophoenicite 
family, and eventually the hypothetical ABX 2 (12) structure. A 
consequence of this CS relationship is stoichiometric equivalent 
members of the (1,2n ) and (2n- 1 ,3) families; these are summarised In 
Table 1.2. 
20. 
FIGURE 1.13: A schematic illustration of how crystallographic shear (CS) 
converts twinned (3 2) atoms to (22) and finally (12) arrays. Starting 
with the Re3B type (3 2 ), CS on the projected vector R creates a lamella 
of the Ni2In type (22). Continued shear between succ e ssive rows of trigonal 
prisms converts all the Re3B to Ni2In. Repeated CS of Ni2In along R* 
produces the erB type. 
., 
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2. 1 In troduc ti 0 n 
Chapter 2 
EXPERIMENTAL METHODS 
Silicate members of the hurnite and leucophoenicite families 
were used exclusively in this investigation. Three experimental 
methods were used to study the materials: electron microscopy (HREM 
and SAD) , electron probe microanalysis (EPMA) and Guinier X-ray 
diffraction . The first of these was by far the most informative. The 
last two techniques were less useful being essentially insensitive to 
the type of inhomogeneity found in the specimens studied . (The results 
of EPMA and powder X- ray diffraction are summarised in Appendices I and 
II ) . 
2 . 2 Sow'ce of Sampl es 
Natural hurnite and leucophoenicite samples were obtained 
from several localities; details are giv en where they are discussed 
in the text. 
The Mg- fluorohumites were synthesised by the method of Hinz 
and Kunth (1960) and Van Valkenburg (1961). M92Si04, prepared by 
heating stoichiometric amounts of a mixture of MgC03 (Hudson Laboratories, 
99 . 99%) and " silicic acid" Si02 . xH20 , x<5% (Mallinckrodt,AR) at 
1250-1300°C for 15 minutes , was mixed with stoichiometric quantities of 
MgF2 (Noah Chemical , 99 . 99%), pressed into pellets, and heated at 11000C 
to 1450°C in sealed Pt tubes . Some hydrolysis of MgF2 almost certainly 
occurred, and so completely fluorinated end- members were probably not 
obtained . [The effect of variations in the OH/F ratio has been thoroughly 
investigated by several workers (Ribbe, 1979; Duffy and Greenwood, 1979)]. 
For the Mn-fluorohurnites the starting materials were "silicic 
acid", MnF2 (Noah Chemical, 99.9 %) and MnO. The latter was p r epar ed by 
22. 
heating MnC03 (Hudson Laboratories, 99.99 %) at l OOO°C in a s tream of H2 
for 1 hour. Appropriate quantities· of these were thoroughly mixed, 
pressed into pellets, and heated in sealed Pt tubes at temperatures 
between 750°C and 950°C. 
The annealing conditions used for the Mg- and Mn-fluorohumites 
are glven Chapters 3 and 4 respectively. 
2.3 Electron Microscope Specimen Preparation 
For examination in the electron microscope, speclmens were 
ground under ethanol in an agate mortar and then mounted on Cu-grids 
coated with holey carbon film. They were studied at 100kV in a JEOL 
100CX instrument fitted with a high resolution side-entry stage, or at 
200kV in a JEOL 200CX microscope with an ultra-high-resolution top-entry 
stage. Both were fitted with standard hair-pin filaments. Correction 
of objective lens astigmatism was carried out on the carbon support 
film by minimizing the contrast. 
< • 
Cleavage normal to [100] (the zone of interest) was well 
defined and large thin crystals were easily obtained. Beam damage was 
severe, particularly for heavily-faulted crystals. 
2.4 Image Interpretation 
Images from the 100CX instrument consisted of (001) and/or 
(002) fringes. The 200CX microscope yielded higher resolution lattice 
images (interpreted as 1, 2 and 3 twin lamellae) and structure images, 
both of which could be matched by computer-simulated images. 
The programme used for the image calculations was purchased 
from Arizona State University and adapted to run on the A.N.U. Univac 
computer by Dr. J. R. Sellar and Dr. R. A. Eggleton. Linear imaging 
o 
conditions (i.e. crystals less than 80A thick) were used at all times. For 
the JEOL 200CX the instrumental parameters were: incident beam 
convergence = 0.20-0.40 mrad.; objective aperture radius 0.39 or 0.77~-1 
o 
coefficLPnt of spherical aberration, C = 1.5mrn; depth of focus = l50A. 
s 
o 
For the multislice calculations a slice thickness of 4A was used. Images 
were recorded at screen magnifications of 380,OOOx, 550,OOOx or 8l0 , OOOx . 
Chapter 3 
THE Mg-HUMITE (CHONDRODITE) MINERALS 
3.1 Introduction 
It was postulated by Taylor and West (1927) and Bragg and 
Claringbull (1955) that higher members of the humite serles (i.e. n>5 ) 
might occur, the latter authors suggesting that they may be found in 
minerals with a low Mg(OH)2 content. These hypothetical members have 
not been discovered in nature, or In previous synthetic studies 
(Van Valkenburg,1961; Hinz and Kunth,1960). High pressure and high 
temperature studies of the system MgO-Si02-H20 (Yamamoto and Akimoto, 
1974,1977), certainly failed to produce these phases in sufficient 
quantities to be detected by X-ray diffraction. Wet chemical analyses 
(Sahama,1953) and microprobe analyses (Jones et aZ.~ 1969; Appendix I) 
have been similarly ineffectual . A brief electron microscope study of 
clinohumite by Muller and Wenk (1978) identified a few faults con-
sisting of chondrodite and/or humite lamellae about one unit cell 
thick : however no higher members or superstructures were observed. 
3.2 Space-group Settings Adopted for the Humite Minerals 
The non-standard space group settings used by Jones (1969) 
are adopted: P2 1/b (with a axis unique) for the monoclinic members 
chondrodite and clinohumite , Pbnm for the orthorhombic structures of 
forsterite, norbergite and humite. [The standard settings are P2 1/c 
(b -axis unique) and Pnma respectively]. Direct comparison of the 
structures is then facilitated, Slnce all a and b axes are common, and 
c* is always normal to the twin planes. The structures, projected down 
the a axis, are illustrated in Figures 3.1 - 3.5. They are shown In 
both conventional terms and as "anion-stuffed alloy structures". 
24. 
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Mg (O,!}O ) 0, . 
b o 0 
FIGURE 3.1: (a) The conventional description of torsterlte as 
serrated chains of edge-sharing Mg06 octahedra. The ... 2(2,2) .2 ... 
twin bands of Mg atoms are also shown. (b) Forsterite (Hazen,1976) 
described as the "stuffed" Ni2In endmember of the humite series. On 
the right the SiMg6 trigonal prisms are emphasised; on the left the 
Si04 tetrahedra are also shown. 
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FIGURE 3.2: ( a) The conventional norbergite structure, with 
... 3, (3,3),3 ..• twin bands of Mg atoms (Gibbs & Ribbe,1969). (b) 
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FIGURE 3.3: The chondrodite structure showing: 
(a) cation-centred polyhedra, and ... 23(332)33 ••. 
twin bands of Mg atoms (Gibbs et al. 3 l970). 
(b) Intergrowth of Ni 2 In(2) and Re3B(3) structures. 
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FIGURE 3.4: The humite structure showing: 
3 ... twin bands of Mg atoms (Ribbe & Gibbs, 1971). 
(b) Intergrowth of Ni 2 In( 22) and Re 3B( 3) structures. 
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FIGURE 3.5: The clinohurnite structure showing: (a) cation-centred 
polyhedra, and ... 2~ (3~2~2~2)~3 ... twin bands of Mg atoms (Robinson 
et al. ~ 1973). (b) Intergrowth of Ni 2 In(23) and Re3B(3) structures. 
FIGURE 3.6: Random faulting in a clinohurnite specimen. Only unlt 
cell spacings are resolved (Specimen AG R476) . 
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3.3 Natural Humite Speci mens 
The natural hurni t e s whi ch we re s tudi ed are l i s ted In Tabl e 3 . 1 . 
Table 3.1 Natural Hurnites Studied 
Prefu:cs for Mu seum NW'lbers; AG 
Sample and Source 
Cllnoh\JJ'\i tes 
Parqas. ri nland 
(W'" 1123607) 
Dntar 10, Canada 
(NMV 11311S8) 
Brewster. N.Y . • USA 
(AG R476) 
Cotopax l, Co lorado 
(AG 13408) 
Tomk I nson Ra., AU5 t . 
(AG 41368) 
Huml tes 




Mt. Vesuvl us, I ta I y 
(51 85&97) 
Mt. VeSUVIUS, Italy 
(B~ 59309) 
Ht. . VesuvIus. Italy 
(BII 59310) 
Brewster, N.Y., USA 




Const 1 tuent.s 
ell nohunu t e 
C) lnohumile 
Cl inohumi te 
CI i nohuml te 
CI i nohutnl t. e 
Huml te + 
Cllnohumite 
HW"li te 
Humi te .. SOme 
chond rod 1 te 
Huml te 
Huml te 
Hwni te .. some 
chondrodlte 
A."'.U. Geooloqy D<-part.r'tcnt Collecuon 
Nallon~l Museum of VIctorIa 
BCltlsh Hust"wn of Natural HIstory 
S~lth50nlan InstItutIon 
SwedISh Museum of Natural HIstory 
ObserV4 t Ions 
Perfect crystals. 
Small amount of faultlO9 . 
ConSIderable faultIng. Host 
cryst.als contaln SOfT'.e "mIstakes"'. 
1\.10 or t.hree cryst.als WIth 
slgnlflcant faultIng, but 
generally perfect. 
Per f ect crys ta 1 s. 
Both phases perfect, no 
1 ntergrowths. 
Mostly perfect. f'aul ts 
observed In some crystals. 
Humlte crystals have some 
faultlng . Intergro .... th With 




Perfect crystals , SIngle 
phases. 
S~ple and Source 
Chondrodltes 




AmIty, N.Y. , USA 
(N"" 1117792) 
Ont.ar 10, Canada 
(AG 2S475) 
Norberg i tes 
f'ranklln, N.J., US A 
(NMV >< 3J964) 
Mlty , N. Y., US A 
(NMV 1123608) 










All phases per feoCl. One 
crystal wIth lntt>rgro .... th of 
1 arge sect i cns of huml te 
.. chondrodite. 
Chondrodlte and Perfect crystals. 
a very little 
cllnohlml),te 
Chondrodlte .. Perfect crystals. 
a very Ilttle 
humlte 
Chondrod 1 te Perfect crystals. 
Norberglte Perfect crystals. 
Norbergi te Perfect crysLals. 
Norberglte Perfect crystals. 
Mo rtlake, VIC . , Aust. 01lvlne Perfect crystals. 
(Personal speclr'len) 
South Austral ia 
(NMV 1122123) 
Bolton, Mass .• USA 
(NMV 115 571) 
OliVIne Perfect crystals. 
OlIvine Perfe c t crystals. 
The density of faults in clinohumite varied greatly depending 
on the source. The speclmen from Pargas, Finland (NMV M 23607) was 
perfect; no variation In fringe spacing was observed. At the other 
extreme was the specimen from Brewster, N.Y., USA, (AG R467) , in which 
nearly all the crystal fragments showed a significant amount of 
inhomogeneity In their lattice images (Figure 3.6). H.R. lattice 
lmages usually corresponde d to faults which were lamellae of a h igher 
(hypothetical) member of the series, In which n was even (i.e. n = 6 , 8, 
10 etc.) (Figures 3.7 and 3.10). Variations In fringe spaclngs 
co~responding to n odd were almost non-exi s tent, with n 5, 7 b e ing 
identified only on rare occasions. 
The spec i me n from Mt. Ve suvius, Italy (SI 85 69 7) wa s t h e 
29 . 
least perfect of the humite samples examined. However, even this did 
not show faulting to the extent of some of the clinohumite samples. 
Humite specimens shared a similar preponderance of faults with higher, 
even values of n, and were often intergrown with chondrodite or 
clinohumite. Coherent intergrowth between massive portions of humite 
and chondrodite were observed quite frequently (Figure 3.8). 
No imperfection .was observed in any of the chondrodite, 
norbergite or olivine samples. 
Although no arrangement of faults was observed which could 
be described as a perfectly ordered superstructure, some crystals gave 
lattice images with almost regular groups of faults corresponding to 
higher members of the series (Figures 3.9 and 3.10). 
3.4 Synthetic Specimens 
Magnesium fluoro-humites were prepared at the compositions 
and temperatures shown in Table 3.2, Figure 3.11. 
FIGURE 3.11: Phase diagram for the system M92Si04-MgF2' after Hinz 
and Kunth (1960). Solid circles indicate temperatures and compositions 
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16 days Clinohumite 
+ olivine. 
24 hrs Clinohumite 
+ very li ttle 
olivine. 
Observa t.ions 
Mostly slngle phases. 
Some faul ts and 
superstructure. 
Single phases. Few 
faults as in lA. 
Single pha s e s . Clino-
humite crystals varied 
fr om "per fe ct" to 
highly "disordered 
intergrowths" of 
clinohumite and n>4. 
48 hes Clinohumite liS in 211. 
+ very li t tle 
olivine. 
12 hrs Clinohumite Perfect clinohumite . 
4 8 hrs + very little 
chondrodi teo 
4 8 hrs Clinohumite Perfect clinohumite to 
+ some humite. ··hi')hly di sordered 




5 days Clinohumite. 
12 hrs Chondrodite 
+ norbergite . 
36 hrs Clinohumite 
+ little 
olivine . 
76 hrs lIumi t 
Perfect clinohumite. 
Fewer faults. No 
perfect superstructures, 
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li ttle olivine. 
15 hrs Clinohumite. 
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Mainly clino-
humi te -+ a 
little chond-
rodi te + humi tc. 
4 days Mainly 
cl i nohumi te + 
some humite. 
36 hrs Chondrodite. 
24 hrs Chondrodite . 
36 hrs Norbergite + 
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12 hrs Norbergite. 






perfect . Intergrowth 
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FIGURE 3.7: An H.R. lattice image of clinohumite ( 2 3,3j intergrown 
with (2 5,3) (specimen AG R476). Four unit cells of the upper n = 6 
member occur consecutively. Homologous upper member (n>4) faults 




FIGURE 3.8: (a) A coherent intergrowth of chondrodite with hurnite 
(Specimen NMV M23602). Chondrodite diffraction spots indexed. 
(b) A coherent intergrowth of chondrodite w~th massive 
portions of hurnite (Specimen SI 85697). 
32. 
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FIGURE 3.10: Higher member faults In clinohurnite arranged in an 
almos t regular manner (Specimen AG R476) . 
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The synthetic specimens showed the same general trends as 
the natural humites. Samples of composition n~2 were perfect crystals 
of one (or more) phases with no intergrowth. Preparations with 3~n~5 
showed the greatest amount of faulting. Some crystals had clearly not 
attained thermal equilibrium at the time of quenching, and highly dis-
ordered intergrowths of various humite members occurred (Figure 3.12). 
Longer heating times generally resulted in more perfect ordering. To 
obtain humite itself, considerably longer reaction times were necessary 
than those required for the other humites. Many n = 3 preparations 
did not yield humite, but consisted of clinohumite and chondrodite 
(cf. Fig . 3.11). Even "long reaction times" (3 weeks) were insufficient 
for complete reaction, since electron diffraction always revealed the 
presence of olivine. 
3.5 Superstructures 
Superstructures were observed in preparations lA and 4A, 
though most frequently in the latter. High resolution lattice images 
showed these to be regular intergrowths of (3,2 5) (n = 6) and (3,23) 
(n = 4), with a majority of the latter, viz. [3,2 5 ,(3,23 )m] with 
o 
observed values of m = 4, 7 and 11, corresponding to d(OOl) = 74A, 
o o 
114A and 169A. A high resolution lattice image of one such super-
structure and its interpretation are given in Figure 3.13. A lower 
resolution lattice image of another superstructure is shown in Figure 
3.14. As with the natural specimens, many crystals were observed to 
have an almost regular distribution of faults. 
3.6 Discussion 
Although the upper members (4<n<oo) occur as (regular and 
irregular) intergrowths with humite and clinohumite, they are 
36. 
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FIGURE 3.12: Highly disordered synthetic fluoro-clinohumite. 
o 
Some faults are so wide (-80A) that it would be best to consider 
the crystal as an inte rgrowth of ol i v i n e and cl inohumi t e 
(Preparation 4A). 
37. 
FIGURE 3.13: (a), (b) A region of perfectly ordered superstructure, 
1 :3 3 2 53 (:3 3 23 ) 4]. Ordered intergrowths of this kind were not con-
sidered to be superstructures unless at least 15-20 supercells 
occurred consecutively. Many crystals with three or four ordered 
superlattices were observed. 






apparently unable to exist as stable macroscop~c entities In ature 
or under our preparation conditions. 
In the fluoro-humites even short annealing times of 16 days 
at 1300°C (Table 3.2) resulted in the disappearance of superstructures 
and a decrease in the concentration of faults. This is consistent with 
the absence of superstructures in natural hum~tes, which have been 
annealed for long periods at temperatures of less than 1000°C, and at 
upper mantle depths of 50 to 150km (McGetchin et al., 1970). 
It is interesting that although an expansion of the Ni2In 
portion to give n~5 members was observed, no analogous increase in the 
Re3B modules was detected; i.e. n is never less than 1. Single 
lamellae of the Re 3B type are dispersed among the N i 2 I n lamellae, but 
. 
neve r v~ce versa . Preparations which may have resulted in 
p M92 Si04· qMgF2 phases (p /q<l) , yieided instead perfect crystals of 
norbergit~ and sellaite. Recently, Horiuchi et ale (1979), determined 
the structure of 2M92Si04 ·3Mg(OH)2, a high pressure type first 
produced by Ringwood and Major (1967) and designated Phase A. Its 
symmetry , chemical composition and stability field were determined by 
Yamamoto and Akimoto (1974, 1977). The structure of this phase, 
which might have been expected to be composed of Re3B and Ni2In twin 
modules, instead has hexagonal symmetry. It is structurally very 
different from the humites, and cannot be considered a member of the 





FIGURE 3.15: The structure of Phase A, 2Mg2Si04.3Mg(OH)2. 
Chapter 4 
THE Mn-HUMITE (ALLEGHANYITE) MINERALS 
4.1 Introduction 
The alleghanyite series consists of manganese-rich analogues 
of the (magnesium-rich) humite (chondrodite) minerals. Their ideal 
formula is nMn2Sio4·Mn(OH,F)2, with n = 1 for Mn-norbergite, n = 2 for 
alleghanyite (= Mn-chondrodite), n = 3 for manganhumite, ' n = 4 for 
sonolite (= Mn-clinohumite) and, at the extreme, n = 00 for tephroite 
(= Mn-olivine). No natural Mn-norbergite has been reported, but it 
has been synthesised (Francis & Ribbe, 1978; Section 2-3, 4-4). 
Structure determinations by single crystal X-ray diffraction methods 
have been puhlished for tephroite (Figure 4.1) and alleghanyite 
(F i gure 4. 2) . 
4.2 Natural Alleghanyite Specimens 
Specimens came from a number of localities. Details are 
glven In Table 4.1. 
As already mentioned some (Mg-) clinohumite specimens 
contained faults which were lamellae of higher (and unknown) members 
of the humite series, and that almost invariably these had even values 
of n [in n Mg2 Si04· M9(OH,F)2]. This was not exactly the case for the 
manganese analogue sonolite, specimens of which contained lamellar 
faults with, in order of decreasing frequency, values of n = 2, 5 ~ 3 
and 6. Higher-member faults (n>6) were fairly common. The image from 
a typical fragment of sonolite (BM 1972, 88 from Franklin) is shown in 
Figure 4.3. 
A similar preponderance of faults was observed in the 
Hokkeyino specimen (NSM M23072). Another Franklin specimen (SI 143755) 
was less "imperfect": only about a half of its fragments were faulted, 
Table 4.1 Natural Alleghanyites Studied 
Pret ixes tor Museum NuMbers: 
NSH Na t.lona 1 SClenee Museum (Tokyo) 
8H Britlsh HuseU1"\ of Natural Hlstory 
61 S~lthsonl.n InstltUtlon 
5H SWf!<hsh HuseUl"l oC Natural HlstOry 
UHG Unlversity of Hlchlgan Geology OrepartTH!nt 
Ht?i Harvard Hlneral og1cal HuseW"l 
SRC Stanford Hineraloqy Research Collectl.on 









all eqhan y 1. te, tephrol te 
All sonolite fragments were conslderably faulted. 
Man'ganhunl1te crystAls showed SO"'e lnho,.,ogenelty. 
Tephrolte and alleghanYl te were found as dlsordered lntergrowths. 
("ranklln rurnace. 
Sus5ex Co •• New J ersey, 
USA 
(BM 1972.88) 
1460 pillar. 1400 level. 
Sterilng Hlll "hne 
Oqdensburg. Sussex Co •• 
New Jersey. USA 
(51 143755) 




Nordtfta eke". S""eden 
(51 RS7S7) 
Bald Knob, 
Alleghany Co .• 
N. Carol ina. USA 
(UMe; 635) 
Bald Knob. 







(BM 1932. 1588) 
Sonoli te 
Sonoll te 
50nol i te 





With one exceptlon, all 50nolite crystals exhlblted 
conslderable faul tl.ng. 
ApproXlmately half the fragt"lents were perfect, Whlle the 
reMalnder showed a moderate arount o f faulting. 
Sonolite crystals varled from ,.,oderate to extenS1.Ve faultlng. 
Hanganhllnlte crystals were pe rfect . 
One superstructure of [~'3l.{).2l)ll type. 
All crystals .... ere perfect, (but only three fragments were 
examined and the result Cannot be consldered repreSentatlve 
of the specl.nen). 
Sonollte and Manqanhumite generally perfect wlth only a 
few faults. 
Mainly perfect. Three fragnents showed conslderahle faulting. 
Franklin, 
Sussex Co., Ne .... Jersey 
(51 C688S) 
AlleqhanYlte" " little MOre than half the alleqhanyite crystals showed faultlng 
Leucophoenlclte .. of at least moderate extent. 
rranklin, 
Sussex Co .• New Jersey 
USA ' l 
(HM/i 91179) 
Bald Knob (near Sparta) 
Alleghany Co .• 
N.Carolln., US" · 2 
(SRC 4517) " 4 
Benallt 1'1lne, Rhiiv, 
Carnarvonshire, 
Wales · ) 
(BM 1944. 29) ". 
Tephroi te 
Franklln, Sussex Co .• 
New Jersey, USA 
(51 C6166-2) 
Langban, S\oIeden 
(SM 915934) ' 5 
V.llttle sonoll.te Leucophoen~l.te crystals were heavily faulted and twlnned. 
A slngle sonollte fraqr.'lent was perfect. 
Alleghanyite + rew faults in alleghanYlte. 
a llttle Ll'"ucophoenl.cite heavlly faulted. 
leucophoenl ci te 
Alleqhanyite" PErfect clllcghanyitl! and Manganhumite. 
a Ilttle manqanhumite 
Alleghctnyi te ... Tephroi te All crystals extens lvely (aul ted. 
in approxilT\t1tely equal 
amount.s 
Techroi te Perfect crystals. 
Tephroi te .. 
v.little leucophoenicite 
Tephroite perfect. 
Some faultinq in leucophoenicite. 
· 1 Described by Cook (1969) 
· 2 Described by Lee Cl9SS) 
.. 
" 5 
Described by SMith ~.!!. (1944) 
Provlded by Carl A. Francla. 
Not a near tephroite endr-ln"lber HnO.915 1'191.059 AIO.OOIo Ca O.OO Io SiO . 99a 01.0 
42 . 
o SI 0 Mn ( .- 01 
o 0 • Mn ( .-501 
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FIGURE 4.1: The structure of tephroite (Mnl'7SMgO-lSlCaO'013FeO'026) 
Si04 (Francis & Ribbe,1980) projected on (100). On the left the 
conventional representation of tephroite as serrated chains of edge-
shared Mn06 octahedra at two levels joined by corner-sharing, with 
edge-and corner-connected Si04 is shown. In the centre the planes of 
atoms in the twinned c.c.p .... {2~2) ... array of Mn are emphasised. 
On the right the walls of edge-sharing columns of SiMn6 trigonal 
prisms characteristic of the Ni2In structure type are drawn. 
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FIGURE 4.2: The structure of alleghanyite (Rentzeperis, 1970) 
projected on (100). The top diagram shows the conventional des-
cription with cation-centred polyhedra, and the planes of atoms in 
the twinned c.c.p ... :3 ~' 2(3~2)3 ~2 ... Mn array. In the bottom 
diagram it is depicted as segmented walls of SiMn6 trigonal prism 
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FIGURE 4.3: A sonolite crystal from Franklin Furnace (BM 1972,8H). 
A: selected area diffraction pattern, with reflections indexed in 
terms of the sonolite unit cell. B: low magnification image to 
show the high degree of faulting. C,D,E: higher magnification images 
45. 
and their interpretation as lamellae of various n[in nMn2Si04.Mn(OH,F)2]. 
E corresponds to the right hand portion of D. The former is at the 
thin edge of the crystal, the latter at a thicker region: note the 
reversal of contrast. (The average composition of the crystal seg-
ment is n=3.8, cf. n=4 for sonolite). 
Ll n d t 11 I ~ n () n 1 y loa sm 1 1 d c· 9 r r> e . o Su)olitc fraj~t nts I()'T\ L-:;r Jr an 
.r-( S ,,1 2 56 3 C; 6 ) va ric d 9 rea t 1 y, but non e I.: a s f a 11 ] t c:: d a s c;.: L I' n s i v ( , 1 y a s 
those first mentioned (BM 1972,88 from Franklin and hSH 1-123072 from 
Hokkeyino ) . 
I'Janganhurnite 1S the rarest of the naturally-occurring 
al l eghanyite minera ls (Moore , 1978). TI)r~e speclmc::ns were acquired 
\'lhich 1"o,'0re nomina ] ly this species . The first , a single smal l crysta l 
from i'ord 'drken ( SI R5757), \.,7as insl)f"fici ~nt for ad(qu1te dispersal, but 
all fragm(>nts (;>xam inpd were perfectly r.a~19an umi te . Ttle other two (U~G 
BK -22 and UMG 635 ) consisted of manganlurnite plus sonolite . The mangan -
humite frag me nts contained few lamellar f a ults. No coherent int rgrowth 
with sonolite wa s seen . Two spec i mens designate d sonolite (l'SM M2307 2 
a nd SM 256356, cf . above) also contained some manganhumite . A micrograph 
of a manganhumite region containing two higher-member faults is shown 
1n Figure 4.4. Lamellar faults in manganhumites usually occurre d in 
groups of two or three , well separated by larger reg10ns of p e rfect 
structure . One example only was seen of manganhumite intergrown with 
o 
a relatively wide (-270A) lamella of tephroite (Figure 4.5). 
with one exception (BM 1932 , 1588 , which was pure) all 
alleghanyite specimens contained minor amounts of other membe rs of the 
ser1es , or l eucophoenicite (always as separate fragments, not inter-
growths ). In three of the specimens (BM 1932,1588, SFM 4517, H~~ 91179) 
the alleghanyite fragments were perfect or contained only one or two 
faults . One specimen (SI C6885 from the Franklin mine) gave a mixture 
of perfect and moderately-faulted fragme nts. A typical faulted area 
from it is shown in Figure 4.6 . Inhomogeneous regions were usually 
dispersed in perfect alleghanyite structure. The least perfect 
specimen was that from the Benallt mine in Wales (BM 1944,29), all 
fragments of which were heavily faulted , as in Figure 4.7. In this case 
o 
almost no large regions (say >500A) of perfec t alleghanyite were 
47. 
n- 3 
* r \33333354 3333-n 
1111I11I""II""IIIlr"""11 "'" 
FIGURE 4.4: A typical fragment of manganhurnite from Hokkeyino, 




FIGURE 4.5: A tephroite lamella intergrown with manganhumite in 
specimen SM 256356 from LSngban, Sweden. The diffraction pattern 
contains only manganhumite reflections. 
o 
1000 A 
FIGURE 4.6: A moderately faulted fragment of alleghanyite from 
Franklin, N.J. (specimen SI C 6885). 
49. 
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FIGURE 4.7: Fragment of alleghanyite from the Benallt mine, Wales 
(BMl944,29). A: selected area diffraction pattern indexed as 
alleghanyite. B: a lower magnification image; note twin plane 
"cross-slipping" and semi-coherent grain boundary. C: a higher 
magnification image and its interpretation; note the frequent 
occurrence of the sequence of n values (4,2,2,3,2). (The average 
composition of this segment is n= 2.7, cf. n =2 for alleghanyite). 
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seen. Extensive intergrowth with other members of the serles occurred 
in most fragments . 
A careful analysis of Figure 4.7 revealed t hat the disorder 
was far from random. In Figure 4.7 (c) , if for simplicity we ignore the 
few lamellae with n>4 , there are 43 lamellae with n = 2, 12 with n = 3, 
and 9 with n = 4; a total of 64 lamellae. Dispersed within it is a 
number of single (isolated) "unit cells" of a superstructure sequence 
(n =) 4,2,2,3,2. If five elements are selected at random from the 64 
available lamellae with n = 2, 3 or 4, the probability of realising a 
sequence with three n = 2 plus one n = 3 and one n = 4 lS (43/64)3. 
-3 (12/64). (9/64) = 8.0 x 10 . The number of distinguishable arrange-
ments of these five elements is 5!/3! = 20. So that the probability 
of selecting the sequence 4,2,2,3,2, is 8.0 x 10- 3/20 = 4.0 x 10-4. 
In fact this sequence appears four times in Figure 4.7(c ). The 
probability of this occurrlng In a random arrangement is only 
10- 4 )4 = -15 (4.0 x 1.6 x 10 . Clearly the arrangement observed is 
highly unlikely to be random. (And note that the reverse sequence 
also occurs once). The sample is a very small one, but the micrograph 
was randomly selected before identifying the lamellae present or 
considering the possibility of such an analysis.* 
It is also relevant that (i) diffraction patterns from many 
such heavily faulted crystals exhibit high frequency modulation of the 
intensity of (elongated) diffraction spots (see, for example , the 
selected area diffraction patterns in Figures 4.7, 4.8, 4.9, 4.10) and 
*Similar probability calculations have been carried out for biopyriboles 
(Veblen & Buseck , 1979), but these had translational symmetry : perfectly 
ordered consecutive supercells . In such cases probabilities ranged 
" from 10 - ,:) 
52. 
(ii) regions of completely ordered superstructure [with d (O Ol) up to 
o 
169A] occur in Mg-hurnites. 
Diffraction patterns from about a half of the fragments of 
Benallt mine (alleghanyite) specimens indicated highly-faulted 
tephroite; which implies that they contain rather wide lamellae of 
(2 2). But it was usually impossible to obtain good, high-resolution 
images from such heavily-faulted crystals: decomposition was too 
rapid, cf. Figure 4.8. A high-resolution image from a fragment with 
fewer faults is shown in Figure 4.9: it contains tephroite lamellae 
o 
up to -40A wide. 
The two speclmens which were labelled tephroite (SI C6166-2 
and SM g15934) were perfect. 
4.3 Twinning of Alleghanyite 
Macroscopic twinning (observable in the optical microscope) 
of the monoclinic Mg- and Mn-hurnite minerals on (001) is well-known. 
Jones (1969) noted that fine-scale twinning of chondrodite can impart 
a pseudo-orthorhombic symmetry to single-crystal X-ray diffraction 
o 
patterns. Microtwinning (twin individuals a few hundred A or less in 
width) has not been observed in Mg-hurnites by electron microscopy/ 
diffraction. But it was occasionally observed in heavily-faulted 
crystals of alleghanyite (Mn-chondrodite), also on (001). 
An example of a twinned alleghanyite crystal is glven In 
Figure 4.10. For monoclinic members twinning is recognised by a 
doubling of the number of reflections in alternate reciprocal lattice 
rows parallel to c* In diffraction patterns with zone axes [hlO] when 
- -h = 2n + 1. Figure 4.11 shows how this arlses, with [110] and [310] 
zone axis patterns as examples. On the other hand , when h = 2n, e .g. 
the [210J zone axis pattern in Figure 4.11, the reflections from the 




FIGURE 4.8: A heavily faulted fragment of a tephroite specimen from 
the Benallt mlne, Wales (BM 1944,29). Such crystals suffered 
extremely rapid beam damage: this image was taken within 12 seconds 
of the beam intensity being increased (after a low intensity 
exposure for the selected area diffraction pattern). 
54. 
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FIGURE 4.9: A fragment of tephroite from the Benallt mine 
(BM 1944,29). A: a selected area diffraction pattern indexed as 
tephroite. B: a lower magnification image. C: a higher magnif-
ication image and its interpretation. There is some uncertainty in 
the evaluation of n values on the right hand side, where the crystal 
is thicker. (The average composition of this segment is n=4.8). 
55. 
FIGURE 4.10: A faulted fragment of alleghanyite from the Benallt 
mine (BM 1944,29). Note the doubling of the number of reflections 
in 13~ reciprocal lattice rows, a consequence of twinning on (001) 
and the modulation of intensity in the elongated spots. 
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FIGURE 4.11: Schematic illustration of the diffraction patterns 
expected from alleghanyite crystals twinned on (001): zone axes 
56 . 
[ 110], [ 2 10 ] and [ 310] . Open and filled circles represent reflections 
from the two twin orientations; half-filled circles are superimposed 
(or almost superimposed) reflections fram both twins. Note the 




the slnaJl dcviatjon from coincideI},cP . Simildr SITca.-ing LC'.'uJls 1n 
apparent psC'udo-orlhorhombic symmelry ':lhen 7z =- 2iZ + 1 : parallel to 
c* the reflections from one twin orientation appear to bisect the 
interval helween the reflectjons from the alternative orientaljon . (A 
sirnj Jar doubling of the nUl Ler of .rc:flpc..tions in alternate reciproca l 
laltic..e ~ows of [100] zo~e axis diffraction palterns - the other zon e 
cO .. JToon ly us, 'd in our experiments - 1 s pl'C'cluded by okl reflections 
hr>ing fOlbi.dden [or k -= 2n + 1. Such reflectjon~ ~ere som0time s 
observpd, with very weak intensity , but usua lly not at a ll). 
There are two rathe r obvious l-0ssibilities for lhe structure 
of the composition plane 1n (001) twinning of monoclinic hwnite serie s 
structures . In Figure 4.J2 they are depicted sche~atical ly fo r 
alleghanyite (m-chondrodite). The monoclinic specie s have values of 
n [in nM2Si04 .M(OH,F) 2] which are even ; converse ly the orthorhomhic 
species have n values which are odd . ~ffienever a single lamella with 
odd n (a half unit cell of an orthorhombic structure) is intergrown 
with an even n structure, a mirror plane is introduce d which is both 
twin and composition plane for the twins. An example of this is shown 
in Figure 4 .1 2 (a) where one (22 ,3) lamella of humite occurs 1n a (2,3) 
structure . 
required . 
In this instance only the usual Re3B and Ni2In lame llae are 
In the second model , shown in Figure 4.12( b ), a new 
structure element is used. It derives from the leucophoenicite 
structure (Moore, 1970), which is similar to an anion-stuffed erB-type 
array of cations . 
A random array of either or both of these boundary types in 
one of the monoclinic humite-series structures will cause polysynthetic 
twinning. If they are widely spaced , the reflections from each twin 
orientation will be sharp. Narrow spacing will cause both sets of 




FIGURE 4.12: Two models for generating a twin in alleghanyite, 
n = 2: (a) by introducing a single lamella (a half unit cell) 




(mime t ic twinning) will produce superstructures, and closely-spaced 
spots parallel to C*. Both effects ' are visible in fi gure 4.10 (and 
elsewhere): most of the area shown has the alleghanyite structure, 
o 
but the alleghanyite bands are less than -20 x c ~ 150A wide, which 
causes elongation of the reflections. These "streaks" exhibit 
intensity modulations , which imp lies a structure modulation , i . e . 
imperfect superlattice ordering. 
Irregular (or less regular) twinning due to the first model 
lS readily deduced by a small extension of the method of analysis used 
above for Figure 4.7. The numbered lamellae in Figure 4.7 etc. are 
bounded (on each side) by Re3B twin bands (3). They are unit cells (of 
width c) if n is even, and half unit cells (of width c/2) if n is odd. 
As shown above, the latter introduce a twin plane into the structure. 
Hence, if one twin orientation is depicted by - and the other by + 
there is a change of sign when crosslng a lamella for which n lS odd. 




The reasonably long runs with unchanged sign indicate obvious twinning. 
This is seen more clearly perhaps (and the length of the runs is 
manifested) if the trace of the planes of Mn atoms on (100) is plotted, 
as in Figure 4.13. Two examples are given: that of Figure 4.7, with a 
wave of fairly large amplitude indicating obvious twinning; and that of 
Figure 4.9 (ignoring uncertainties in a few of the n values), where 
the wave amplitude is very much less and the twinning therefore that 
much less obvious. For the latter the sequence or orientation from 
left to right is 
+++++--+++--++--++--++--+-++--+-+. 
••••• 0 •• ; ••• :.; 
(0) 
b 
: ...... : ...... : ... : .. : .. /.: ............ :.: ... : ... : ....... : .... : ............... : . 
.-........,,--- cn odd 
Cn-2 
Cn- 4 
. .............. ,,: . 
.......... : .......... :-... : •.. : ... -.. 
tlllllllill 
o 50 100 A 
. . ... :. '.: .. : .... ", :.; ',: :,: ".; ........ :,: ":' -':' .. : .. : .. , .. : .. : .. : .. , ...... '.:' -'.:.,:', ':'.: ... :,:" ,.:.; :', :',: -":".:'.: '" .......... :"':":":"':';'.,:" -:,,: ...... :"," '.; ,,:,,:. : .. : ....... :'-':":"':":'.: -'.:.... . . 
. •. : .... : .. : ...... : •.•..•. : ....... : .. : 
(bi 
FIGURE 4.13: Representation of lattice image interpretation by 
projecting the traces of the Mn atom planes on (100). (The dots 
represent the Mn atoms as in Figures 4.1 and 4.2. 
(a) The sequence of Mn atoms from the micrograph ln Figure 4.7(c). 
60. 
(b) The sequence of Mn atoms in the "tephroite" crystal of Figure 4.9(c) . 
. , 
The runs are much shorter, hence the smaller wave amplitude. [The 
"additional" reflections characteristic of twinning are precluded from 
the diffraction patterns in both cases because the former is in a [hlO] 
zone with h even, and the latter is predominantly orthorhombic]. 
4.4 Superstructures 
were occasionally observed in the Mg-humites·only a single example was 
discovered in the present experiments. It occurred in only one frag-
ment of one sonolite specimen (SM 256356), and is shown in Figure 4.14. 
Apart from one lamellar fault it consists of alternating unit cells of 
sonolite and manganhurnite, its symbol being [3,2 3 ,(3,22 )2]. Its 
the unit cell parameters of sonoli te and manganhumi te its unit cell 
parameters are calculated to be approximately a = 4.8S~ b· =10.52~ c 





consisting of alternate unit cells of manganhurnite,(3~22)2~n = 3, 
and sonolite, (3~23)~ n = 4, observed ln one fragment of a sonolite 
speclmen (SM 256356). Note the presence of one lamellar fault, a 
unit cell of alleghanyite, (3~2)~ n = 2. The diffraction pattern is 
o 
indexed in terms of the supercell with c ~ 35.5 A . 
61. 
62 . 
the monoclinic angle is -93. 6 °: some discrepancy is to be expected as 
the a and b parameters of sonolite and manganhumite are not identical. 
o 
[The data are a = 4.882, b = 10.664, C = 14.29gA, a = 100.57 0 for 
o 
sonolite (Yoshinaga, 1963), a = 4.82, b = 10.42, C = 21.37A for 
manganhumite (Povarennykh, 1972)]. 
4.5 Synthetic Specimens 
The annealing conditions used for the preparation of the 
fluoro-alleghanyites are given in Table 4.2. 
Mn-norbergite 1S the only fluoro-alleghanite member to have 
been previously synthesised (Francis, 1980). However, no other true 
Mn-endmembers had been documented by X-ray diffraction. For this 
reason, the observed powder data (Table 4.3)were refined to give the 
unit-cell parameters of the series members (Table 4.4). 
The fluoro-alleghanyites were studied only briefly by 
electron microscopy since they showed the same trends as the synthetic 
Mg-humites. The Mn-norbergite, alleghanyite and manganhumite samples 
were essentially perfect while sonolite fragments contained faults 
parallel to (001). Some manganhumi te was detected in the alleghanyi te 
preparation. 
Mn2SiO •• MnP2 Hn-norbergi te 15 hours at 770·C 
2Mn2Si04.MnF2 all eghanyite 1 week at 770·C follOlo/ed 
by 2 days at B30·C 
3Mn2SiO •• HnP2 manganhumi te 2 days at 950 ·C 
4Hn 2 5 i O •• HnF 2 sonolite 1 day at 950·C 
Table 4.2: Conditions used to prepare the fluoro-alleghanyites. 
(a) 
(c) 
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Table 4.3· Observed and calculated powder data for the fluoro-
alleghanyite series. 
( a) Mn- norbergite 
(b) alleghanyite (Mn-chondrodite) 
( c) manganhumite 







































































































Member Cell Parameters Space Group 
~ = 4.862(2) ;.. 
Mn-Norbergl te O ~ = 10.797(3) Pbnm 
c. = 9.188(2) 
u = 482.4 ;3 Z = 4 
a = 4.871(2) ;.. Q 108. 58(5) 0 
Alleghanyi te ~ = 10.818(6) P2J/b 
~ = 8.206 (5) 
u = 
0 3 409.9A • Z 
~ = 4.888(2) ;.. 
Manganhumite ~ = 10.712(2) Pbnm 
co. = 21. 749(6) 
U = 11 38.8 ;3 Z 4 
a = 4.889 (1) A Q 100 .83(5 ) 0 
Sonoli te ~ = 10.668 () P2J/b 
c = 14.239(5) 
~ 
U = 729 . 4 ;3 Z = 2 
' Cell parameters ob tained by Francis (1980) are ~ = 4. 869(2) • 
b = 10. 796 (~) • ~ = 9.179(2) .x. 
Table 4.4: Crystal data for fluoro-alleghanyite serles 
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4.6 A Comparison of Observations on the Alleghanyite (Mn-humite) and 
Mg-humite Series 
The alleghanyite minerals exhibit lamellar faulting and 
intergrowth in a manner broadly similar to the Mg-hurnite series members, 
but much more frequently and extensively. The difference of degree is 
most striking in the case of the chondrodite-alleghanyite isostructural 
palr. All specimens of natural chondrodite and synthetic fluoro-
chondrodite examined were perfect, even though the latter were 
prepared by uSlng short reaction times and then quenching. But, as 
demonstrated above, some of the alleghanyite speclmens displayed 
considerable faulting. Again, unlike chondrodite and hurnite, no inter-
growth of massive portions of alleghanyite and manganhurnite was seen, 
(although they did occur as single phases in the same specimen). 
Superstructures were rarely observed in the Mg-hurnites, and 
only once ln the Mn-hurnites. But crystals whose structures may be 
described as imperfectly ordered superstructures were much more frequent 
in both serles. 
Consistent with prevlous results, there was no evidence for 
the natural occurrence of Mn-norbergite, either as a single phase or 
intergrown with other members of the Mn series. (Cf. although 
norbergite exists as a stable phase in the Mg series, it was never 
intergrown with other members, including olivine type). 
Chapter 5 
THE (PROPOSED) LEUCOPHOENICITE SERIES 
5.1 Introduction 
Leucophoenicite lS dimorphic to manganhumite, 3Mn2Si04.Mn(OH)L' 
The morphological study by Palache (1928) indicated that it was 
crystallographically distinct from the humite minerals. A preliminary 
powder X-ray examination (Moore, 1967) suggested the existence of 
several leucophoenici te types wi th monoclinic or orthorhombic symmetr~l. 
Finally , a single crystal X-ray analysis by Moore (1970) showed that 
leucophoenicite was monoclinic P21/a, with the crystallochemical 
[This is reoriented to P21/b, a - axis 
unique, in order to facilitate a direct comparison with the structures 
of the humite minerals (Pbnm or P2 1/b) and olivine (Pbnm»). However, 
many incompletely identified speclmens remained; in particular the 
question of orthorhombic polymorphs was not settled. (See also Cook, 
1969) . 
Three leucophoenicite speclmens were examined; details are 
glven In Table 5.1. 
Table 5.1' Leucophoenicite Specimens used In the Study 
Preflxes for Museum Numbers: 
8M 8rltlsh Museum of Natural History 
SI Smlthsonian 1nstltUte (Natural Hlstory) 
SM Swedlsh Museum of Natural HlstOry 
Sample and Source 
Franklin ~ne, Sussex County, 
N.J., U.S.A. 
(8M 1946, 185) 






(1,2 3) leucophoenicite, 
+ a little tephroite (22) 
and sonolite (2 3 ,3). 
(1,2 3) leucophoenicite 
(1,2 3 ) leucophoenicite, 
+ a little manganhumite (22,3) 
+ some orthochrysotlle 
Observations 
Almost all crystals showed a conslderable 
degree of faulting. Approximately half 
were twlnned microscoplcally (i.e. twin 
bands < 100 A wide) . 
Most crystals were "perfect". Two fragments 
were heavily faulted, and one fragment 
exhlbited twinning. 
The (1,2 3 ) leucophoenicite was malnly perfect; 
two crystals were twlnned mlcroscoplcally. 
The orthochrysoUle was intergrown wlth another 
phase, posslbly talc. 
6 7. 
5.2 Structural Considerations 
In Chapter 1 leucophoenicite was described as twinned cubic-
close-packed (c.c.p.) Mn with Si in three-quarters of the Mn6 trigonal 
prisms a~ the composition planes. Two protons occupy each of the 
remaining prlsms. Oxygen atoms are in SiMn3 tetrahedra and Mn3 
triangles (or HMn3 tetrahedra). Figure 5.1 shows the structure In 
both conventional terms and as an anion-stuffed cation array. 
5.2.1 The distribution of Si atoms 
Moore's (1970) determination of the leucophoenicite (1,23) 
structure showed two crystallographically distinct Si atoms. The 
first Si04 tetrahedron is isolated and the Si site fully occupied. 
The second Si is statistically distributed between two tetrahedra of 
an edge-shared pair: l.e. an I(Si04 ) (OH)2] group. 
If the latter Si arrangement were ordered a nllinber of polymorphs 
is possible: four simple ones are shown In Figure 5.2. ·Structure images 
were calculated for both [100] and [010] projections of Moore's 
statistical model and polymorphs A and B (Figure 5.3). (The calculated 
lmages for polymorphs C and D are easily visualised by considering those 
of the other ordered polymorphs; particularly around the optimum defocus 
o 
of -600A). A comparison of the calculated and experimental images 
supports Moore's proposed structure; at least over the thicknesses 
studied (Figures 5.4 and 5.5). 
5.3 Lamellar Faults 
As expected from Moore's earlier X-ray studies, faults parallel 
to (001) were found, especially In one of the samples from Franklin, 
N.J. (BM 1946, 185). The other samples were less imperfect. A low 
resolution lattice image of an inhomogeneous crystal is shown In 
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FIGURE 5.1: Moore's (1970) structure of leucophoenicite. The 
drawing on the left is in conventional terms: h.c.p. anions, with 
68. 
cations stuffed into octahedral and tetrahedral sites. Also emphasised 
are twinned c.c.p. cation twin bands; the repeat unit consists of one 
band one atom wide (1), followed by three bands two atoms wide (2). 
This leads to the twin formula (1,23). The drawing on the right shows 








FIGURE 5.2. If the Si atoms in (1,2 3) leucophoenicite are ordered 
then several polyrnorphs may be constructed. The four simplest, 
designated A,B,C, and D are shown projected down [lOOJ. (cf. Figure 
69 . 
5.1). Si-free Mn6 trigonal prisms are outlined by dashes. Note the 
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FIGURE 5.3: Calculated 1mages for (a) the [100] zone and (b) the [010] 
zone of the statistical model of leucophoenicite and also the orde r ed 
o 
polymorphs A & B. (Computational parameters were: thickne ss = 40A , 
0-1 0 
objective aperture radius = 0.39A ,C = 1.SA, beam dive rge nce = 0 . 2 
s 
o 
mrad, chromatic abberation = l SOA). 
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FIGURE 5.4: A high resolution structural image of leucophoenicite In 
the [100] zone (BM 1946, 185). The calculated image most closely 
matching the micrograph is that obtained from the statistical model. 
Note the intergrowth of higher members of the leucophoenicite series; 
(1,2 4 ) and (1,2 6 ). 
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FIGURE 5.5: A micrograph of (1,2 3) leucophoenicite in the [010] zone. 
(BM 1946, 185). The most closely matching calculated image is 





FIGURE 5.6: An inhomogeneous region of a predominantly (1,2 3) 
leucophoenicite crystal (BM 1946, 185). 
A. Low magnification image showing extensive disorder. 
B. Selected-area diffraction pattern: note the weak additional 
spots indicative of twinned leucophoenicite. 
C.D. Higher magnification images interpreted as members of the 
proposed leucophoenicite type series, n (1 ,2 ) .. 
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that the variations were very thin lamellae (one or two unit cells wide) 
of higher members of a proposed leucophoenicite series [i.e. (1, 2n) with 
n > 3] (Figure 5.7) . No lower members (n > 3) were observed. 
Almost- ordered, long-range sequences were sometimes observed. 
An example is given in Figure 5 . 8 where (mostly) (1,2 5) elements are 
dispersed in an almost periodic manner in a (1,2 3 ) matrix. As well as 
simple intergrowths, more complex faults [not parallel to (001)], were 
also observed (Figure 5.9). Higher magnification images . of the latter 
show that in some instances the lattice fringes either side of the 
-fault appear to have an anti-phase relationship (Figure 5.l0A), while 
ln other cases (Figure 5.l0B) interpretation is impossible because 
of changes in contrast which may be due to strain fields. The lattice 
image at either end of the fault then becomes very complex indeed . 
(See also Figure 14(a)). 
5.4 Microtwinning 
The electron diffraction pattern of a twinned crystal contains 
the reflections of both twin orientations. For leucophoenicite crystals 
twinned on (001) both sets of reflections will superimpose (almost 
exactly) in [hlO] zones with h even. For [hlO] zones with h = 2n + 1 
the reflections in hkl rows with k = 2n + 1 will not superimpose. Thus 
a series of [hlO] diffraction patterns obtained by tilting about c* show 
the alternation in appearance schematically illustrated in Figure 5.11. 
o 
Images from relatively thick regions (100-150A) of twinned 
crystals showed bands of alternating contrast (Figure 5.12, also 
Figure 5.9). (This variation in contrast was never observed in 
~ 
untwinned crystals). The "doubled row'" of spots in the diffraction 
\. 
patterns of twinned crystals were often not quite straight. This was 
even more apparent when the SAD patterns were defocussed; the two sets 
of reflections move in opposite directions along b*. This indicates 
FIGURE 5.7: A higher resolution lattice image of leucophoenicite 
(BM 1946, 185). 
A. Selected area diffraction pattern. 
B. Coherent intergrowth between members of a "leucophoenicite 
series". Images were only calculated for (1,2 3); however 
it is probably valid to attribute darker bands of lamellae 





A. Selected-area diffraction pattern. 
B. Corresponding high resolution lattice image 
showing the almost regular insertion of a (1,2 5 ) 




A. A twinned (1,2 3) leucophoenicite crystal (BM 1946, 185); 
note the light and dark bands indicative of the two twin 
orientations. The areas in the rectangles show complex 
changes in twin-plane spacings. 
B. o -1 SAD pattern. The apparent (~22A) arises from 
twinning on (001). 
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FIGURE 5.10: A. Note the apparent antiphase relationship between 
the main lattice fringes either side of the diagonal fault. B. Changes 
in contrast in the region above the diagonal fault makes interpretation 
difficult. 
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FIGURE 5.11. Schematic illustration of the dif,fraction patterns 
expected for leucophoenicite crystals twinned in (001): zone axes 
[110] and [210]. Open and filled circles represent reflections from 
the two twin orientations; half filled circles are superimposed 
reflections from both twins. Note the doubling of the number of 
spots in the [110] zone. 
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FIGURE 5.12: A leucophoenicite crystal twinned on (001). (BM 1946, 185) 
A. SAD pattern. The reflections belonging to one twin orientation were 
distinguished by arrows. Note that the "doubled" row of spots is not 
quite linear. B. Lower resolution lmage showing the alternating dark 
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FIGURE 5.13. A schematic illustration showing the insertion of a (1,24 ) 
band and a (1,2 5) band In a matrix of (1,2 3). Note that the former 
results in two reglons of (1,2 3) leucophoenicite related by a mirror 
plane (twin boundary) while the latter does not. 
two crystallographically distinct regions related by a 180 0 rotation 
80. 
about a twin axis, (which in this case l S parallel to [010] and 
perpendicular to the electron beam) . 
Of course, it is not surprising that twinned leucophoenicite 
crystals occur. Twin boundaries are readily introduced in (1, 23 ) 
leucophoenicite by intergrowth with an odd number of lamellae of any 
orthorhombic member of the proposed series, (1,2 n), n even. An example 
of such a boundary is shown schematically in Figure 5.13. 
5.5 The Decomposition of Leucophoenicite to Tephroite 
-
The major difficulty experienced in this study of leucophoenicite 
was decomposition of the specimen in the electron beam. Under normal 
operating conditions, particularly for heavily faulted and/or micro-
twinned crystals, damage resulted in the rapid and severe diminution 
of image contrast. Defocus3ing the beam allowed longer working times, 
but also necessitated longer (> 20 second) photographic exposures, 
making high resolution microsc~py impossible. Slightly longer working 
times were available when the specimens were left in the microscope 
under vacuum overnight. This suggests that adsorbed water facilitates 
the reaction. 
By removing both condenser and objective apertures and 
focussing the beam, the decomposition was accelerated and tephroite, 
(22), was produced. The reaction is presumably, 
Under the experimental conditions Mn(OH)2 would probably further 
decompose to give MnO and H20, but only tephroite, Mn2Si04, could be 
detected. 
An example of a twinned leucophoenicite crystal and the tephroite 
decomposition product is shown in Figure 5 .14; the micrographs are from 
precisely the same area. The tephroite consists of small domains, each 







FIGURE 5.14: (a) A twinned (1,2 3 ) leucophoenicite crystal in the [100] 
projection direction (BM 1946 185). (b) The same crystal after it has 
been transformed to tephroite under the electron beam. Note the 
slightly mismatched domains. 
FIGURE 5.15: A higher magnification image of a domain boundary 
(indicated by arrows). Also note the slight bending of the zig-zag 
rows of white dots on the left-hand side of the micrograph. 
FIGURE 5.16: A leucophoenicite crystal which has been incompletely 
transformed to tephroite. The lamellar faults are probably of the 
sort found in the alleghanyite minerals i.e. Re 3B boundaries 
(BM 1946, 185). 
82. 
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to adjac0nt dumains . A higher magnification image of this cry tal 
S1J~gpsts that ejthpr the domains are tiltpd with lO~'pect to the 
e10ctron beam and/or there is a variation in thickn0ss across the 
i·r.JlJsfOI rnr->d crystal (Figure 5.15). 
Fi.gure 5.16 shows an example of an incomp l etl:' ly l.L1T1SfolI"1ed 
l0ucop ocnicite crystal . In addition to the features already mentioned , 
it contains a few lamellar faults which appear to be similar to those 
encountered in the allcghanyite (~~-humite) series , i.e. anion-stuffed Re3B 
layers. 
5.6 X-ray Powder Diffraction 
All three leucophoenicite speclmens were very poor ly 
crystalline as they gave powder patterns with very broad reflections . 
Moore ' s structural refinement of a Franklin specimen yielded 
the unit cell dimensions a = 4.826(6)A, b = 10.842(19)A, c = 11.324(9)A, ° ° ° 
a = 103.93°(9). A typical Guinier camera powder pattern for our '. 
Franklin leucophoenicite (SI C6800) is given in Table 5.2(a). The 
° ° refined unit cell parameters are a = 4.857(5)A, b = 10.82(2)A, 
° 
c = 11.36(l)A, a = 103.85°(12). Electron probe microanalysis (EPMA) 
gave a cation ratio of Mn:Ca:Mg = 0.889:0.085:0.026 (+ trace Zn). The 
observed lines are in good agreement with previously published powder 
data (Cook, 1969; Moore, 1970), although the relative intensities vary 
considerably between the three patterns. 
The powder data for the Pajsberg (Sweden) speclmen (SM 74024) 
are listed in Table 5.2(b). The refined unit cell parameters from the 
° ° leucophoenicite reflections are a = 4.819(5)A, b = 10.82(1)A, 
° 
c = 11.39(1)A, a = 103 . 67°(22); EPMA gave a cation ratio of Mn:Ca:Mg:Ti: 
Al = 0.842:0.104:0.047: .004:0 .002. In agreement with Moore (1970) 
several additional reflections were also present, and like Moore, we 
could attribute these to an orthorhombic unit cell with parameters 
84. 
~(obs) ~(calc) hltl I II 
0 
4.41 4 . 38 110 2& 
4 . 344 29 
3. 9&0 3.94 III 32 
3. 89& 52 ~(obs) ~(calc) hit 1 III 3.7&6 23 0 
3. 634 1 1 ~ 21 3.627 3.612 112 26 4.4 03 4.408 110 15 
3.959 3.959 111 14 3.566 35 
3.623 3 . 626 112 22 3.423 26 
3. 284 3. 281 112 56' 3.288 3.286 112 18 
3.102 100 2.969 2 . 975 113 14 
2.980 2.969 113 23 2.884 2.889 131 69 b 2.881 2.881 131 81 vb 
2.755 2. 758 1 0~41 34 2.831 42 2 . 752 132 
2.755 2 . 766 1 0~41 2. 725 1 024 1 2.745 132 29 2.724 40 2.722 023 
2. 731 1 033
1 2.729 74 b 2.695 2.694 113 100 2.728 024 
2 . 631 2.630 131 46 2 . 691 2. 694 113 74 b 
2.499 2.494 131 14 2.626 2.628 131 26 
2.451 2.452 114 31 2.453 2.451 114 35 
2.430 2.429 200 20 2.428 2. 431 1 0~11 26 2.429 043 
2.382 2. 3981 1~41 23 2.375 2.374 124 35 2.377 124 
141 2.357 2.359 26 2.366 2. 366 1 2!0 1 20 2.324 2.323 211 29 2.363 141 
212 1 2. 213 } ODS} 2.211 2. 218 1 8 2.211 2.209 20 2 94 ' 2.207 005 
2.204 212 
1. 815 
.613 }. 4 60 b 2 . 118 2.122 212 81' 
2.106 65 1. 811 } 1~4 } 2.057 2.059 115 32 1.807 1. 80 7 241 31 
1. 799 232 1. 856 23 
1.5771 161 1 1.814 1. 8171 204 1 65 vb 1.577 007 17 1. 814 1]4 1. 576 
1.567 1.566 065 15 
b broad lines 
b broad lines ·some intensity may be due to phases other than leucophoenicite 
( a) (b) 
Table 5.2(a) Guinier powder data for leucophoenicite from Franklin, 
N.J. (SI C6800). 
(b) Guinier powder data for leucophoenicite from Pajsberg, 
Sweden (SM 74024). 
o 
sjmilar to those of Tn Lljd' lJ'Jjtr: (j.e . a -= 4.870(4)A , b =10 . 794(8), 
o 
C = 22.6l(1)A), l))Jt ',(·ll·lln alta (·1r>c· 4 lon diffraction failed to 
cor.rohoraLe the 11 t rrce of ueh a phase . 
In the fonnpr . I-malytical E:lL:'clron microscopy ( Al:,~) shm .. ed that the 
1'-1g was accommodated a l mos t exc lusive ly as ortLochrysoti le , \,~10C;e 
characteristic filaments were intimate ly as~ociatt~d ·v·:it-h p1dty 
l e ucophoenicite (Figures 5.17 and 5.18) . Alt 10u gh !'-;9 mdc1e up orly a 
v ery small proportj on of the bulk analysi s , the exlrePle l'lorpho l o gy of 
o o 
orthochrysotile (most fragments were on ly 100A wide by <]OOA thick ), 
resulted in very man y sprpentine crysta llites . [ rrhis effect was 
exaggerated in the EM work since the serpentine minerals r ema in e d In 
suspension longe r than the larger l e ucophoenicite crystals, and were 
selective ly deposited upon the holey carbon films]. Attempts to 
correlate' all the extra reflect ions to known serpentine uni t cells we re 
unsuccessful . 
5.7 The Leucophoenicite-Man~anhumite Relationship 
.' . 
In Figure 5.2 the l e u cophoeni cite trigonal prlsm array is 
• compared to manganhumite ; the similarity between the structures is 
obvious . Figure 5 . 19 shows that if alternate lamellae, three trigonal 
prisms wide, in manganhumite are rotated 180 0 about an axis at 
x = ± 1/4 along the trigonal prism edges parallel to c*, the ( ] , 2 2,1,24) 
array is obtained. A shift of 1/2a to every other (1,22 ,1,2 4 ) block 
yields (1,2 3 ) leucophoenicite . 
Humite-like boundaries (i.e . (3) twin bands) were observed in 
leucophoenicite, but only rarely. An example is given In Figures 5.20 
and 5.21 . The Re 3B ortio of the manganhumite r eg ion lS 
a ingle white lamellae; this lS due to less atomic density In the 
FIGURE 5.17: A SAD pattern and a low magnification image of 
orthocrysotile. The diffraction pattern is indexed according to 
Zussman et ale (1957). Note that the serpentine crystal is thin 
enough to see the underlying carbon film . Also shown is a platy 
leucophoenicite crystal (SM 74027). 
86. 
87. 
FIGURE 5.18: A higher resolution image of an orthochrysotile 
o o 
filament. The -7.3A corresponds to d(002) orthochrysotile. The -s.4A 
may be due to talc. o [The relevant unit cell parameters are: a = s.322A, 
o 0 0 0 
b = 9.1219A, c = 14.s3A for orthochrysotile: a = s.26A, b = 9 . 10A, 
o 
C = 18.81A, S = 100 0 for talc]. 
88. 
~ 
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LEUCOPHOENICITE (1,2 3) 
FIGURE 5.19. A schematic drawing of the way ln which manganhurnite may 
be structurally related to leucophoenicite. 
A. The manganhurnite structure, (2 2 ,3)2. 
B. The structure obtained by rotating alternate trigonal prlsm 
:t.j groups (arrowed) in manganhurnite about an axis at d = ± 1/4 
has a unit cell equivalent to manganhumite; its twin formula 
c. The leucophoenicite structure (1,2 3 ) is formed by movlng 
every other (1,22 ,1,2 4 ) block through 1/2a. 
89. 
n-W.lJmWLIJJJ.UJJJJJ 5~JJ 5W 5131 )LWJ~5w~m~~JJJJ.I.IJJJJJJJJJ3~J5IJJJJ 5WJJJ3ll.'.IJLWLI.'3lllJ 
mongonhumlte(n=3);2~3 
FIGURE 5.20: A disordered leucophoenicite crystal (BM 1946, 185) 
A. SAD pattern. B. Low magnification micrograph showing the extent 
of disorder in the crystal. Variations in lattice spacing ~ave been 





FIGURE 5.21: A. An enlargement of the manganhumite reglon of the 
previous figure. Images were calculated for manganhumite and for 
statistical (1,2 3) leucophoenicite. B. A schematic illustration 
of the boundary. 
91 . 
hydroxyl (Re3B type) portion. All othe r whi te lame llae o c cur a s 
consecutive pairs which are characteristic of the stati s tical d i str i -
bution of Si over the face-sharing trigonal prismatic (edge-sh ar i ng 
tetrahedral) sites through the thickness of the crystal. The r esult 
1S an average atomic density over these interstices which is half that 
of the adjacent olivine portions, whose trigonal pr1sms are fully 
occupied by Si. The boundary is shown schematically in Figure 5 . 21 (b) . 
Note that neither the manganhumite portion, n or the (1,2 4 ) lamellae 
(which always occur in pairs), introduce a microtwin in the (1,2 3 ) 
leucophoenicite. This is borne out by.the electron diffraction pattern 
which shows no doubling of the number of spots in the (13l) row. 
5.8 Conclusion 
Previous studies of leucophoenicite yielded interesting though 
perplexing results. In particular, the additional orthorhombic 
reflections in X-ray powder diffraction patterns could not be explained. 
This work is similarly inconclusive; both HREM and SAD failed to 
elucidate the origin of the apparent orthorhombic symmetry. Moore 
(1970) suggested that the extra reflections could be due to "poly-
synthetic twinning" on a unit cell scale but, although frequent twinning 
o 
(on a scale of less than 100A) occurs, it is not periodic. Neither were 
super-lattices detected, although almost ordered intergrowths were 
observed (Figures 5.6, 5.8 and 5.20). [In the related humites mimetic 
intergrowth sometimes occurred, yielding long c - axes . ] 
Moore (1967) also reported that Weissenberg photographs for 
some leucophoenicite specimens showed streaking parallel to C*. This 
he attributed to " semi-random structure". Some electron diffraction 
patterns were similarly streaked , due to the coherent intergrowth of 




inte r es ting that (l, 2n ), n< 3 membe r s were neve r seen .] 
Complex faulting o ccurred e xtensive ly in one speclmen 
(BM 1946, 185; Figures 5.10 and 14(a )). Simi lar fault s we r e obse r ved 
In the humite series, but the y were rather rare; not n e arly as common 
as In leucophoenicite. Microtwinning was also les s fr e que nt I n the 
humites than in leucophoenicite. 
The appar en tly sta t is t ical d istr ibution o f Si bet\\7een 0 4 
tetrahedra of the edge-sharing pairs (i.e. in face-sharing trigonal 
prisms of cations) was a little surprising; at least some short-range 
ordering was expected. Naturally, in unit cell terms the specime n s 
o o 
examined were quite thick: 8.5 x a ~ 40A and 4 x b ~ 40A In the 
micrographs shown in Figures 5.4 and 5.5 respectively. The possibility 
of ordering in the [lOOJ direction was considered, but rejected because 
it would result in a doubled a-axis, for which there was no evidence In 
X-ray or electron diffraction patterns. Furthermore, comparison of 
observed and computer-simulated images in the [010] zone which could 
reveal ordering along a, showed good agreement with the "statistical 
model". (Nevertheless, the possibility of electron beam effects 




ELECTRON PROBE MICROANALYSIS (EPMA) OF THE 
HUMITE MINERALS AND LEUCOPHOENICITE 
(analyses due to Mr. N. Ware, Research School of Earth Sciences) 
The analyses were carried out to ensure that the samples were 
near Mg/Mn endrnembers. The stoichiometric correctness of the analyses 
were checked using a formula devised by Dr. E. Makovicky~ Since the 
hurnite ~inerals were formally nM2Si04.M(OH,F)2 , the ratio M/Si = 
(2n+l) /n. So n*(= analysed stoichiometry) =Si /(M -2Si ) 
exp exp exp 
which ideally equals n. [For olivine samples the ratio M/Si was used 
to check stoichiometry. n* was also calculated for leucophoenicite as 
it is polymorphic with manganhumite]. 
It was hoped that those speclmens which showed the greatest 
inhomogeneity by electron microscopy would also exhibit the greatest 
deviations from ideal stoichiometry. This was not the case though, 
with supposedly "perfect" specimens showing large variations in n*i 
(even within the same samples). The clinohumite samples listed ln 
TABLE A.I: are a case in point. Firstly, the ideal n value is 4 - all 
n*s are well below this. More disturbing though are the differences 
between n* for "identical" samples - up to 12% in one instance. 
.... 
PREFIXES FOR MUSEUM N U ~1B E RS . 
AG A.N.U. Geology Department Collection 
BM British Museum of Natural History 
SM Swedish Museum of Natural History 
UMG University of Michigan Geology Department 
SRC Standford Mineralogy Research Collection 
SI Smithsonian Institution 
NMV National Museum of Victoria 
HMM Harvard Mineralogical Museum 
NSM National Science Museum (Tokyo) 






Wdqht Percent QXlode 
AtOGI1 C Proportions 
roO MqO Total S1 Tl r. Tot. 
37. 7~ 0.88 0.00 1.~8 ~7.81 98.01 3 . 906 0.068 0.000 0.136 8 . 916 13 
38.17 1.40 0.00 1.38 ~7.38 98.33 3 . 930 0 . 108 0.000 0 . 118 8.80~ 12 . > __ 
38.21 1.80 0.00 1.41 
38.30 2 .00 0.00 1.40 
~6 . 69 98.16 3.940 0.139 0.000 0. 127 8 . 714 12 . 920 
~7.07 98.76 3.927 0.1~4 0.000 0.120 8.720 12 . 920 
'T'cmklnaon Ra •• S.A. 38.S6 
AG 41368 
O. ~7 










3.9~3 0 .0 37 
0.000 0.086 
0.000 0 .082 
8.931 13.009 
8 . 937 13.010 









53 . 77 99 .01 
~3.62 97 . 88 
3 . 94~ 0.0~7 0.000 0.600 8.396 12.998 






3 . ~ 
3.4 
3 . 4 
3.4 
3.1 
37.33 0.63 0.00 6.92 ~3 . 67 98.~ 3.932 O.O~ 0.000 0.6 10 8.426 ll.018 3.2 
TABLE A . 2 










~2 .00 97 . 27 
3 . 9~6 0.079 0.097 0. 491 
3 . 927 0 . 119 0.116 0.~14 
8 . 341 12 . 96~ 
8.278 12 . 954 
3.6 
3.3 
37.34 2 .07 1.28 ~ . 84 52 . 43 98 . 97 3.921 0.164 0.114 O.~ll 8 . 20~ 12.916 3 . 4 
Humite specimens 
Weiqht Percent OXlde 
Loallty AtoelC Proportion. Stoichic.etry 
S. Al Tl r. 
Ht.V •• uviu., l7.17 0.41 0.00 0 . 26 2 . 41 0.00 56.84 97.09 1.982 0.039 0.000 0.018 0.162 0 .000 6 . 798 9.998 luly 
S . l. 8~97 36 . 98 0.2~ 0.00 0.41 2.60 0.14 ~6 . 49 96 . 87 2 . 981 0.024 0.000 0.028 0 . 17~ 0 .012 6 . 787 10 .007 
Ht . V •• uvlu., 36.92 0 .00 0.00 0 . ).4 2 . 16 0.00 57.S] 96.94 2 . 969 0 . 000 0 . 000 0.023 0. 145 0 . 000 6 . 894 10 .O ll 1..,ly 
• • H . ~9310 36.68 0 .00 0.00 0.41 2 .2~ 0.00 ~7.28 96.68 2.961 0.000 0 . 000 0.032 0.1~2 0.000 6.894 10.039 
Ht .V •• uviu., 36.60 0 . 00 0.00 0.76 3.07 0 . 00 56.35 96.77 2.966 0.000 0.000 0.052 0.208 0.000 6 . 807 10.0)) Iuly 
I . H. ~9309 J7.0~ 0.00 0.00 0.76 3 .35 0.00 ~6.06 97.22 2 . 990 0.000 0.000 0.0~2 0.226 0.000 6.742 10. 010 
~&ncW.l.y, 
........ 
• • H . 8~281 
Icevatec, 
H . Y • • USA 
AG U71 
ri t ted to Htai t • 
)8 . 63 0.00 1.33 0.00 0 . 14 0 . 00 ~8.00 98 . 11 3 . 028 0 . 000 0.079 0.000 0.009 0.000 6 .777 9 . 893 
fittoed to Cl1 nohtaite 
39.04 0.00 1.36 0 . 00 0.22 0 . 00 ~ . O~ 98.67 3.978 0 . 000 0.104 0.000 0 . 018 0.000 8 . 817 12.918 
J8.~8 0 .00 1.29 0 . 00 O . I~ 0.00 ~8 . )) 98 . 67 3.947 0.000 0 .099 0 . 000 O.OlJ 0.000 8 . 89~ 12 . 9~ 4 
38.69 0 . 00 1.3~ 0 . 00 0.14 0 .00 ~ . 17 98.36 3 . 9~7 0.000 0 . 104 0 . 000 0.012 0.000 8 . 867 12.94 0 
36.39 0.00 0.27 0 . 00 8.40 0.00 ~3 . ~1 98.~7 2 . 9~8 0.000 0.016 0 . 000 0.~71 0.000 6 . 481 10 . 026 
36 . 42 0.00 0 . 00 0.00 8 . 08 0.00 ~4.J8 98.88 2.947 0.000 0.000 0 . 000 0 . ~47 0.000 6 . ~~9 10 .J ~3 
36.41 0 . 00 0 .00 0.00 8.04 0 . 00 ~3.66 98.11 2 . 967 0 .000 0.000 0 .000 0. 548 0 .000 6.~18 10 . 0)) 
Hocauck, 35 .34 0.00 0 . 00 1.19 8 .59 0.00 ~0 . 49 96.21 2 . 911 0 .000 0 . 000 0.128 0.604 0.000 6.326 10,029 S_n 
S . " . 221616 )S.69 0 .00 0 .00 1.91 1 .01 0.08 51.16 96.46 2.91) 0.000 0.000 0.1)5 0.489 0.001 6 . 4 24 10,021 
n' 
3.2 
3 . 0 
2.6 
2 . 6 
2 . 6 
2 . 9 
4 .1 
4 .0 










TABLE A . 3 · Chondrodite speclmens 
"e1qht Percent. Oxld. 
Locality 
Alcai c Proport ion . 
Al TI •• 
.o...I<y , 35,)8 0,00 O.~ 0,00 ).51 57 .10 91.09 1.984 0.000 0.011 0.000 0.165 4 . 814 6 . 9<)4 
N. Y., USA 
*" "23602 34 , 92 0.00 0. 49 0.00 3.51 51 . 91 96 , 95 1.965 0.000 0.021 0.000 0.168 4 . 861 1.014 
Pa.rq .. , J 4 ,)6 0.00 0.00 0.00 3.95 51.11 95 . 4) 1.961 0.000 0.000 0.000 0.189 4 .816 1.0)) 
f'in b..nd 
'"" " 2360£ 14 .8) 0.21 0.00 0.00 3.15 56.16 95 . 61 1.985 0.018 0.000 0.000 0.119 4 .823 1.005 
AaHy , )3.8 4 0.00 0.)1 0. 21 4 . 46 56.01 94 . 89 1.951 0.000 0.016 0,010 0.216 4 . 828 1.021 
N. Y . • US A 
IO<Y M.\1 192 H." 0.00 0.15 0.00 ).96 56 .18 95 .)) 1.914 0.000 0 , 006 0.000 0.190 4 .850 1 .020 
Onurlo , H . f>4 0.00 0.24 0.00 1.21 59.06 95 . 15 1.965 0.000 0.010 0.000 0.051 4 . 99) 1.025 
C&n.~ 
AG 25415 14 .18 0.00 0.26 0.00 1.11 59 . 15 9 5.)0 1.968 0.000 0.011 0.000 0.05) 4 .989 1 .0 21 
TABLE A.4 Norbergite specimens 
Frankll n.N.J., USA 
HMV M 1964 
Welght Percent. OXide Alotue Proport. lons 







MgO Tot.al S1 Al Tl re 
60.06 89.91 0.988 0.000 0.006 0.006 
60.50 90.65 0.99) 0.000 0.00) 0.005 
Mq TOlal 
3.006 4.006 
3.002 4 .004 














29.81 0.00 0.14 0.2) 60.66 90.85 0.991 0.000 0.004 0.007 ).005 4 .006 1.0 
"""ty,N.Y. ,USA 
NKV M23608 
rra nklin. R.I.. , A 
AG 120 19 
29.16 0.00 0.1) 0.21 60.06 90.16 0.996 0.000 0.003 0.006 2.996 4 .00 1 
30.)8 0.11 0.00 0. 46 60.59 91.60 1. 001 0.006 0.000 0.01l 2.976 ) .996 







29.14 0.00 0.34 
1.91 
1.92 
59.28 91.)) 0.99 4 
58.69 90.08 0.984 
0.000 0.008 0.053 





1.90 59.51 91. 4 9 0.989 0.000 0.008 0.053 2.951 4 .002 
TABLE A.5 Forsterite specimens 
LoC.U<y 
South "uat . 
*" H22123 
eo 1 ton. Ka •• •• USA 
'"" 5511 
Mort.lue , Vi c. 
(Pareon,d 
opee1aen ) 
Weigh t Per cent Oxide 
roO NIO HgO Total 
4 1.25 6.10 0.00 51.56 99.51 
41. 4 3 6.62 0.00 51.63 99.68 
4 2.15 3 . 91 0.00 54.25 100 .)1 
4 1.96 3.53 0.00 ~4.)2 99.81 
4 1.21 1.38 0.22 50.81 99.68 
41.59 7.38 0.23 SO.&4 99 . 83 
Atoaic Proportlon. 
51 r. Hi Total 
1.000 0.136 0.000 1.863 3.000 
1.002 0.1l4 0.000 1.862 2.998 
1.001 0.079 0.000 1.920 2.999 
1.000 0.010 0.000 1.930 3 .000 
1 .001 0.IS0 0.004 1.843 2.999 
















TABLE A. 6 · Sonolite specimens 
AlClalC Proportion .. 
•• 0 r~o c. .... KqO Tot.l •• " 1 Cr r. 
NoU··Ylno, 28 . 24 O . ~l D.lt 0,00 61.).4 0.)0 ) 4 ) ~ 9'109 ) 967 O,O~ ) 0011 0.000 1.298 0 0)6 ~lt 
':YO l.O Pre te c tun · 1 
)ItS" KlJ012 28 . 60 0 . 19 0. 16 0,00 61.11 0.00 f;) 4(. 99.1~ 4 .000 0.020 0.027 0.000 1. 2)9 0000 0 ~U 1 1]8 1:' 9t:7 
rr&l'llthn f'Urn . ct 26. 89 O.ll 0.11 0.00 6~ . 68 0.00 0.23 12 . 94)) • . 082 OO }4 0.0)1 0000 8 . 44 0000 C 0)1 0.280 1:' ~7 
Sua ••• County. 
Nie>w Jersey , US,, · 1 ]b . 9} 0.00 0.00 0 00 6~,68 0.00 0.20 1..21 94. 01 .. 106 0.000 0.000 0000 8. 48) 0000 00)1 0.2 74 12 iJ'I:I~ 
IJ't 1971,88 
14 60 pll hr. 
1400 leYeI 
28 . 0 4 0. 10 0.1 4 0,11 bO .t!> 0.00 000 6.!)) 9!> 09 4 ,06) 0.0 11 0.02 4 0.014 1.384 0,000 0.000 1410 l} ~~7 
Surllnq Hill " .In. 2 7.75 0.13 O,IS 0.00 59.73 0.00 0.00 b 4 7 94 .) 4 .060 00 14 0.0 26 0.000 7. 403 0.000 0.000 1 4 11 1; 914 
Oq nabuzq. 
Sua •• • Co .. 27 . 94 0.00 000 0.00 bO.22 0.00 000 6,29 9' 4 ~ 4 ,086 0.000 0,000 0,000 7 . 4 59 0.000 0.000 1)70 12 i1 4 
......, Jenf'Y, US,,· ] 
51 l4 37!.5 
30. 4 1 0 . 19 0.22 000 4932 000 0.09 16 . 47 9 b.7 4 .0 4 1 0.019 0.035 0. 000 5.552 0.000 0.012 3. 264 1.:'. 2J 
lO . 4 8 0.11 0 .00 0.00 49 , 2 7 0.00 0.00 16 .ll 96 . 19 4 .073 0.011 0.000 0.000 5.578 0.000 0.000 ).15) 1.:' . 916 
29.90 0.11 0.00 0 .00 46.65 0.00 0.00 19.12 9S.78 3.972 0.011 0.000 0.000 ~ . 2 49 0.000 0.000 3.785 ll .0 18 
29 . 68 0.1I a 10 0.00 ' 6. 10 0.00 0.00 19.08 9~ .07 ).967 0.0 1l 0.016 0.000 ~ . 220 0.000 0.000 ).801 1 ).0 14 
la Id knob , 27.19 0.00 0. 14 0.00 68 . 96 0. 69 0.11 0.56 97.66 4 .034 0.000 0.01~ 0.000 8.66 7 0.086 0.018 0. 113 12 9S4 
A. l htjlany CDunty, 
N. c.rol1 n.a, USA . 27 . 15 0. 12 0.00 0 .00 68 . 4 5 0 . 63 0.00 0 . 59 96 . 95 4 .0 5 4 0.014 0.000 0.000 8 . 656 0 .078 0.000 0. 132 12 . 9J4 
t..c 6)5 
27.27 0 . 00 0 . 00 0.00 68 . 78 0 . 46 0.11 0.60 97.22 4 .06 0 0.000 0.000 0.000 8.673 0.057 0.0 17 0 . ll3 12 . 941 
27.15 0 . 00 0.10 0.00 68 . 8) 0 . 43 0.09 0. ' 8 9 7.0 8 ' .051 0 . 000 0.0 18 0.000 8 .699 O.OH 0.0 14 0 . 106 12.941 
la Id l.nob , 27.45 0.21 0 . 15 0. 00 6!. . 73 1.9 4 0.11 2 .28 9 7. 88 4 .0 13 0.023 0.025 0 .000 8 . ll8 0.2 )8 0.0 17 0. 498 11.9~2 
A..lleqn&ll)' Count)'. 
N C.rollna. US A· '" 27 . 22 O.lO 0.00 0 . 00 65.75 l.SO 0.09 2.lO 97 . 16 4 . 011 O.OJ) 0 .000 0.000 B . 201 0. 184 0.0 14 O. SOb 11 956 
t....c 8K-22 
. ] '\. 3 \ Zn o 
TABLE A. 7· Alleghanyite specimens 
SlOlrnJc-t lr 
" 












AtOlll..ic Propor-UC71. Stoichl~try 
Local1ty 
A..l le~&IlY Count.)', 24 .56 0.30 O. ll 11.)2 0.00 0 . 12 0. 11 97 . 14 
M;)r t.h C&.rolin •• 
U. S . A. 2' .36 0. 17 0 . 1) 70 . 89 0.00 0.70 0.12 96 . n 




U.S . 1. . • 1 




U , S . A • • 1 
H. }It . " . 91179 
a. 1d l.nob, 
A..leghany Co • • 
No rtll C&ro1 i na . 
U . S . A • • 2 
SOC ' ~17 
Iltenal1t Klne , 
"'11", 
c..rn&f'YOI"jahln, 
w. l •• 
I ." . 19 44 ,29 
25.58 0.00 0 . 00 59 . 89 0 .00 7 . 96 0.00 9) . .. 
25 .59 0 .00 0.12 6 0. 28 0.00 7 . 90 0.00 9) . 89 
25 . 11 0 . 00 0 .00 6).)8 0.00 ) . 82 0.00 92 . )) 
26.)8 0 . 00 0 .00 62 . 70 0.00 ) . 2) 0.00 92 . 31 
24 . 61 0 . 12 0 . 00 63 . 66 0 .00 3 . 6 ' 0.00 92 .0 ) 
24 . 89 0 . 28 0 . 1) 69 .0 ) 0.70 0.81 0.00 95 . 8) 
24 . 74 O.JO 0.12 68.80 0.30 0 . 90 0.1) 9~ . 29 
24 . 6 ' 7.25 0 .00 6).5) 0.') 0 .26 0.00 96 . 11 
. ) '\. 3 \ %nO 
TABLE A. 8: Tephroite specimens 
"0, no, c:.O Tou1 
henk llD , )0 , 41 0 . 00 0 .00 0 . ' .. !>9 . 61 2.02 1 . 0194 .12 
.~ ... CD ., 
-- .)eraey . USA,· 1 lO . 11 0 . 00 O. ll 1.)1 S9 . eo 1. 15 La 94 . 44 
al 0.166-2 
1O. n 0.00 0 . 00 1.1 7 S9 . 61 1. 74 1.24 91 . 9 4 
29 . ~1 O. U 0 . 19 0.10 600 . 16 2 . 0!> 0.16 91 . ~ 4 
n . ll 0 . 00 0 . 10 0 . 00 lB.!> 4 H." 0 . 19100 . 13 
lS . n 0.00 0.00 0 . 00 )8 . ... H . 9 !1 0 11 99 . 92 
lS.21 0 00 0.1 4 0 .00 :M H 2S !l i 0 11 " . n 
» II 0 .00 0 . 12 0 .00 )9 0" H. 14 0 12 ., " 
•• T • " 1 n' 
1.98~ 0.018 0.012 ' . BB1 0 . 000 0.086 0 .0 10 6.992 2.0 
1.986 0.010 0 .01l ' . 89' 0 , 000 0.085 0.010 6 . 998 2 . 0 
2.024 0.000 0 . 000 ' .O ll 0.000 0.919 0 . 000 6,976 2 . 2 
2.011 0 . 000 0 . 011 ' .023 0.000 0 . 928 0.000 6 , 978 2 . ) 
2 .06 3 0.000 0 . 000 4 . 407 0 .000 0. 468 0.000 6 . 918 2 . 8 
2 . 14 5 0 . 000 0.000 ' . Jl9 0.000 0 . 192 0 . 000 6 . 855 3.2 
2 .0 n 0 . 007 0 .000 ' . ' 6) 0 . 000 0. " 9 0.000 6 . 956 2.' 
2 .0 24 0.0 1 7 0.012 ' . 755 0.0'8 0.099 0.000 6.9S. 2 . ) 
2 .0 22 0.018 0.0 11 ' .762 0.021 0.109 0.01l 6 , 9~~ 2 . ) 
1.9)) 0 . 428 0.000 ' .22 1 0.0 28 0.0)1 0.000 6 . 6.0 2 . 2 
Au.J, c " roporu on. 't.o!chlc-.lry 
51 T. 
1 0 48 0 . 00 0 00 0.027 1. H8 0.10] o.or 2 9 !>] 1 • 
1.0)1 0.000 0 OO!> 0.0 1 • 
1.042 0 . 000 0.000 0.0]4 1. 748 0.090 0.Q.46 2.9S9 1 • 
1.021 0.00] 0008 0 . 020 1.172 0. 106 o.oa 2.96!> I.. 
0. '92 0 .000 0 00 1 0.000 0 . 911 1.081 O.C:II.''It, ] 006 >.0 
o. ,, !> 0 .000 0 000 0.000 0.9 16 1.088 0 ()'~!'I 1 00 !I > a 
o 9" 0 ()()O D.DOS 0.000 0.917 1 078 0 0.: 1 001 > 0 
0,"' 0,00.;. C 004 O.OOC O. 'lS 1 .0S' 0 ) .000 > .< 
96 . 
I 
TABLE A. 6 Sonolite specimens 
St.olchl~l..ry 
AtQ&l c Propon.lon5 
Mq n' 
S, 
""" •• y,no. 28.24 O .~ I 0 . 160.
00 6
\.)40 .)0 1. 4) ~.II 99.09 ).961 O.O~) 0.021 0.000 1 . 298 0.0)6 0.~ 16 \.010 12.961 
PlSH ><23012 28 . 60 0.19 0.16 0.00 61.11 0.00 ).6) ~.46 99.1~ 4. 000 0.020 0.021 0.000 1.239 0.000 O.~" \.1l8 12.961 
.:.yolO Pre lectUff ,. l 
fr"".l>n rum.co 26.89 0.1l 0.11 0.00 6~.68 0.00 0.23 \.24 94.)) 4 .082 0.014 0.0)1 0.000 8 . 446 0.000 0.0)1 0.280 12._ 
",W J .... y. <.5A .
2 






.14 0.12 60.1~ 0.00 0.00 6.~) 9~.09 4 .06) 0.011 0.024 0.01 4 7.)84 0.000 0.000 \.4\0 12.901 
st.orhnq ">II JUn. 21.1~ 0.1) O.I~ 0.00 ~9.7) 0.00 0.00 6.41 94.23 4 .060 0.014 0.026 0.000 1.40) 0.000 0.000 \.411 12.914 
suo ... Co.. 27.94 0 . 00 0.00 0.00 60 . 22 0.00 0.00 6.29 9 4 .4~ 4 .086 0.000 0.000 0.000 1.4~9 0.000 0.000 \.310 12.9\4 
~ Jersey,US,. ") 
51 14 )7SS 
)0.41 0.19 0.22 0.00 49 .)2 0.00 0.09 16.4'79&.7 
4.041 0.019 0.015 0.000 5 .552 0.000 0.012 3.264 12 . 923 
t..1ngban. SWe~n 
SM 256)56 3O . 4B 0.11 0.00 0.00 49 .21 0.00 0.00 16.)) 96.19 4 .07) 0.01\ 0.000 0.000 5.518 0.000 0.000 ).25) 12.916 
29.90 0.11 0.00 0.00 46 .65 0.00 0.00 19.1295.18 ).972 0.011 0.000 0.000 5.249 0.000 0.000 ) . 185 1l.01B 
29.6B O. \ 0.10 0.00 46 .10 0.00 0.00 19.0895.01 ).967 0.011 0.016 0.000 5.220 0.000 0.000 ).801 1l .0 14 
•• Id ""ab. 21.19 0.00 0.14 0.00 6B . 96 0.69 0.11 0.56 97.66 4 .0 34 0.000 0.02~ 0.000 8.661 0.086 O.OIB 0.123 12 .9~ 4 
H. CAro!>n •• USA. 21.15 0.12 0.00 0.00 68.45 0.6) 0.00 0.59 96 . 95 4 .05 4 0.01 4 0.000 0.000 8.656 0.018 0.000 0.1l2 12.934 Alleq,AnY County. 
\.tOG 6)5 21.21 0.00 0.00 0.00 6B.78 0.46 0.11 0.60 91.22 4 .060 0.000 0.000 0.000 B.61) 0.051 0.0\1 0.1)) 12.94\ 
21 . 15 0.00 0.10 0.00 68.B) 0. 43 0.09 0.4B 91.08 4 .051 0.000 O.OIB 0.000 B.699 0.05 4 0.014 0.106 12.941 
•• Id JJ>ob. 21.45 0.21 0.15 0.00 65.1) 1.94 0.11 2.2B 91.BB 4 .01l 0.02) 0.025 0.000 B.IlB O.23B 0.0 11 0. 49B 12.952 
H. CArol>n •• USA " 21.22 0.30 0.00 0.00 65.15 1.50 0.09 2.)0 91.16 4 .011 0.0)) 0.000 0.000 B.201 0.IB4 0.014 0.~6 12.956 Alleqhany County. 
81:.-22 
. 1 lArqe Inclusions of a (H9.~)8aAl-SlllC.t.e (Hollandit.e?) 
. l '\. ) \ Zno 
, 10 IHn,C.)CO) 
TABLE A.7 Alle ghanyi t e s pe c imens 
Locall ty 
AJleql'l&nY county. 
)6:Jrt.h C&rol1 na. 
U.S.A. 
B . H . 1932. 1588 
Frank 1 in. 
sus •• x Counq. 
HeV Jersey. 
U.S.A. . • 1 




U.S . ,.. . • 1 
H . M. M. 91119 
fe D "gO Cae Tot.al 
24 .56 0.)0 0.1l 7\.)2 0.00 0.72 0.11 97.1 4 
24 .36 0.17 0.1l 70.89 0.00 0 .70 0.12 96.31 
25.58 0.00 0.00 59.89 0.00 7.96 0.00 9).44 
25.59 0.00 0.12 60.28 0.00 7.90 0.00 9).89 
25 . 1l 0.00 0.00 6).)8 0.00 ).82 0.00 92 . )) 
26 . )B 0.00 0.00 62.70 0.00 ).2) 0.00 92.31 
24 . 61 0.12 0.00 63.66 0.00 3 . 64 0.00 92.03 
24.89 0.28 0.13 69.03 0.70 0.81 0.00 95 . 83 





1.9B5 0.018 0.012 4.681 0.000 0.086 0.010 6.992 
1.986 0.010 0.01l 4.894 0.000 0.085 0.010 6.99 8 
2.024 0.000 0.000 4.0ll 0.000 0.939 0.000 6.976 
2.011 0.000 0.011 4 .023 0.000 0.928 0.000 6 . 978 
2 .06) 0.000 0.000 4.407 0.000 0.468 0.000 6.938 
2.1 45 0.000 0.000 4.)19 0.000 0.)92 0.000 6.855 
2.0)7 0.007 0.000 4 . (6) 0.000 0.449 0.000 6.956 
2.024 0.017 0.012 4.755 0.048 0.099 0.000 6.954 
















5 . B 
6 .2 












U.S.A . • 2 






8." . 19 44,29 
24.6' 7.25 0.00 63 .5 3 0.43 0.26 0.00 96 .11 
TABLE A.8 : Tephroite specimens 
LocalitY MqO c..o Toul 
)0 . 47 0 .00 0.00 0.9 4 ~9 . 68 2.02 1.01 94.12 
rrankUn. 
Sua ••• Q) .• ~ Jenrt. US" . l 1O . 1l 0 .00 0,11 1.38 ~9,80 1.7S 1.26 94 . 44 
51 CftI66-1 }C.n 0.00 0.00 L17 S9 . 67 1.74 1.24 9) .9 4 
29 . S7 0.11 0.19 0.70 60.16 LOS 0.76 9).S4 
)S.ll 0 .00 0.10 0.00 38 .S4 lS.91 0.19100.1.) 
]S . lS 0.00 0,00 0.00 18 . 44 'S.9S 0.18 99 . 9' 
)S.21 0.00 0.14 0.00 lB.1S 'S.S7 0.11 9'9.1S 





1 .048 0.00 0.00 0.021 1.738 0.10) 0.0)1 2.9~) 
1.0)7 0.000 0.00~ 0.040 1. 74) 0.090 0.046 2.961 
1.041 0.000 0.000 0.0)4 1. 748 0.090 0.046 L9S9 





0.992 0.000 0,00) 0.000 0.917 1.087 0.006 ).006 
O.99S 0.000 0.000 0.000 0.916 1.088 o.ooS ) .OOS 
0.996 0.000 O.DOS 0.000 0.917 1.078 0.006 ).001 








TABLE A.9 Leucophoenicite specimens 
"' 19'1 l "',a.nt do 
Ulca.l1 ty At.o..1 c f'roporUOU SlOlClUa.el ry 
"0, Tlo, "'.110) 
-
COO ' ,0 "" ,0 Tot al 51 T. ... 
... Co Tot al n · 
'riWU. l1..ft Jt.i.ne, 2£ . 11 0 . 00 0 , 00 61 ., 1.11 ~ . 61 0.00 0 .00 9S ,O S lOll 0.000 0.000 6 0 4 S 0 . 1'0 0.100 0 .000 o 000 , .'U l . ' S u. ••• Co..\ty . 
.... .)er •• y. ,. 11 0 . 00 0 .00 62 . 1'9 1.04 " .79 0.00 0 . 00 94 .1) 1 .029 0.000 0.000 6 . 169 0 . 179 a.us 0.000 0.000 9.911 l . ' 
U. S. A . • 1 
II C .. OO 
rTMlA 11" Kine . 26 . 11 0.00 0.12 61 . 27 0,75 5.9' 0.00 0 .00 95 .90 1.OS8 0 . 000 0 ,0 17 6 .010 0 . 121 0 . 721 0.000 0.000 9 .9 )5 
' . l 
Sw ••• ~ty. 
....., .)er •• y. H . t' 0 .00 0 . 00 64 . 14 0.64 4 . J6 0.00 0.00 9S . 10 1 .01 7 0 . 000 0.000 6. )1) 0 .112 O. )4 2 0.000 0,000 9.984 l.2 
U.S ... . . 2 
.. 1''''.115 26 . 16 0.00 0,00 62 . 70 1.12 4 .58 0.00 0.00 9 . , 66 1 .O U 0.000 0.000 6.H e 0 . 19 .. 0.568 0.000 0 . 000 9 . 958 l.1 
'.j.~r9. Sweden- ) 26 .60 O. ,. D. ll 6}, )9 1.19 ).29 0.00 O. J2 95 . ' 7 1 .029 0.0)1 0,017 6.116 0 , 10) 0. 401 0.000 0.071 9 . %7 ). . 
... 740H 
16 . ' 4 0.30 0.11 61 . 75 J. n S.12 0 . 00 0.00 96 .07 ) . 014 0,025 0 .0 15 5 . 917 0.)6] 0 , 620 0,000 0 . 000 9 . 954 ).] 




. 2 "1.2.5 \ ZnO and 
''''00 clinnpyrollene Inchulona 
. ] Con t.. 1n •• uCh 8..s0.. 
APPENDIX 11 
GUINIER X-RAY POWDER DIFFRACTION 
X-ray powder diffraction patterns were obtained uSlng a 
Guinier camera and CuKal radiation 
o 
().=l. 54059 A) . Reflections 
o 
were corrected relative to an internal silicon standard (a=5.4062A)* 
and intensities measured by a Joyce-Loebl microdensetometer . 
Unit-cell parameters were refined by a least squares analysis of 
the observed powder data.* 
Clinohurnite specimens 
d / 1.75 I 2 . 27 r 2 . S~ r 50 . 0) I Mig,Si lt o 1, (Ott. PI:2 
4Kgl S1 o-.· Kq (OH,P ' :z 
1/ 1 ) I 100 I 60 1 . 7 1 18 1 BASI C ~GH[ SI I.04 SILlCAIT Cl tnoh"",1 to 
P..d . C'WCa 1 1 1. 5406 rilter JItOno 01. , G\UrLiar • 1 III I hkl d 1 1/ 11 hkl 
50 . 0) 18 20 1 1 . )98 10 J)J CU t o ft 12.l5 III , lti er~ ~tc.et.ar 1 . 876 012 1 . )48 JO 411 .624 1.70) 2J 20) 1.186 10 HI .. ) . 49 4 7 112 1.182 HI SY· . Jlt)noc11n1c S . C . "I/.W' (l e ) 1.447 IJ 211 
. 10.257(50) b 4 . 1502 (2) c 0 . (7)(6) 
.. /b l.U8 c /bl.B" 1.2Jl 2J III 0 0 0 o 0 0 0 2 . 714 J) 111 
• • Ox 
2 . 757 17 114 100 · 5) (2)' Y 
- 2 2 . 7]6 17 lIO 
2 . 610 20 JII Clinohua1t.e troc:. Ootop&x..i. l)hradiO . (A . N.D. co.oloqy 2.548 
. 7 114 o.pt . JItua_ua Na . 1)408) • 2 . 5021 J) )11 EPl9. qive. (Hq • • ]ltl · "'0 ' '''1 , ft'\O .097 . Tl 0 • o"I Sf . Oa COH , r ):z l.UO 17 lI2 
2.400 7 i Ol 
2 . )65 27 liS 
2 . llS I> 120 
2.267 60 215 
2.259 
'0 ill 
1. 745 100 225 
1. 742 ., ill 
1.686 IJ 
'0' 1 . 616 20 
'1J 1. 492 J7 009.1]] 
) . 484 47 606 
1. 40) 17 IJ4 
d / 2 ' ' ' 1 1.74/2.>1/ 50 . 01 f Mq,Silo°aCc.t , P":z 
4"'9 2$10-. 'Mq (cw . r ):z 
1/1 1 I 100 I 100 I .. I 10 I BASIC ~GH[SI UM SIll CATr (1 tnohl.lJltlt 
.... d·~1 .l 1. S406 r11blr Mono Di e , Cu.inhr d 1 1/1 1 hkl d 1 1/ 11 hkl 
50 . 0 1 10 rOI 2.087 II 121V8 Cut off 12 . lS III, MJ.c:roder&aitr:.et:ar 
".42 IJ 202 1.1 .. ] 100 22~ ). 868 12 012 1.143 
" 
in 
s.c . P2 1/llrQU" ) 
) . 691 ,. 20) 1.68" 21 40' Sy • • ""'0<1 tnle 1 . 481 II 112 1.628 I. 6041 . 10.229()) b
o 
.. · 1S0(l) Co 11 . 601(1) a/b2 .IS) C /b2 . 865 ) . .... 5 IJ 211 1.61) I. 
'11 0 o 0 o 0 ). ])6 II 004 1 . 5 .... 19 C25 
• 100· 5) (1)' 
• 
"" 
1 . 2)1 I, OIJ 1 511 
" 
318 y - 2 - ) . 225 16 III 1.530 
" 
5211 
Clinohuai u frv. the T'c:lI-.Itin.on ... . . S . A. 1.014 2J 11)VII 1 . 485 •• 00. (A. M. O. C.oloqy 2 . 161 
'0 Jll 1. " ' 9 '0 6061 Dept . Jotu..-e\a ttl . ,,1)61) . 1 . 116 ,. JlO 1 . " 16 • )11 
EPJQ. qiw. CM9 • • ",. "'0 • • 00. T iO . OS 7 'S1"OllCc..F'2 2 . 672 00' 1 . 199 21 ) llV1l 2.60] 2J JII 1. 1'" J> 4 11 . 62ft 2 . 5" 1 
'7 II . 1. ])7 I. 1181 2 . S10 61 )1) 1 . ]20 10 ill 2 . " 06 II Jl2 1.111 , boSl 2 . 192 I' iO] 1.186 
" 
04 0 .S1.10 2 . 1S7 ,. 115 1.161 I' l2 . 10 2 . )01 II 120 1. 144 12 ,,. 2 . 260 100 21~ 1 . 11" 11 )1. lOB 2 . 2S0 21 411 1.Il0 10 42 . 10B 2 . 214 , 122 1.120 IJ Nl VII 2 . 186 llH 
1 . US 10 122 
* Programs prepared by Dr . Joyce Wilkie. 
III 
:.;,. 
Clinohumite specimens (cont ' d) 
d I 1. 14 f 2 . H J 2 . i 4 I 
BASIC IlAGIO(Slll'O SILICArr 
~d . C\&XA t 1 1 . !'4 06 ' 1 luI' MOno 
CUt ott n . 1S 1/1 1 JU cro6ena lu.et..r 
SY • . Monoclinic 
• 2 
"" -
Oinoh~t. t~ r&r~ • • Finland . (H.t.iC6\d I'kJMU. of 
v i ctori. No . Kl }607 ). 
DK-' 91 ... '~' . 120 . Ti o• IS". ".0 . 120)51",°16 108 , ' )2 
- 8 not LD aC}T"ee.an c. with ot..h. ,. detAnUn a tJ.on • • 
d / 1.70 / 1. 491 2.nJ '.04 I 
1/1,1 1001 '1 . 0 I II I 
"d. C'WI:aI 1. 1. 5406 ,UtaI' Mono 
Cut oft 12 . 15 I 1II MJ crodenelto.e t.er 
BASIC IlAGN (SIUM SILlCAT( 
5y. . I't:Jnocl t nt c S . C. P11." - U 4 ' 
.0 lO . 261() b
o 
4 . 1 44 (1) Co 11 . 680( 4 ) .olb
o
, · l6] C'olbo, . 884 
I 100· 50(1)' Y -
• 2 
Ox _ 
Clinohuaite fro. ~l.&rio.~. t Nat ional Mu .. ua of 
Vlct.or-l. No . Kll1~81 . 
EPM CJiw. (Mq • • • OS. "'0 . 111. 'fiO . 101ISi"OutOfl,r)2 
d I 2 . 27 I 2 . 2. / 
1/1 1 1 100 J 100 J BAS I C IIA~[S IUM SILICATt 
1W1 . CuXoI A 1.S406 ri1ter Mono 0 1 • • C\l.1nJ.er 
CUt ott U.)S 1/11 Kicro6eneiw.atal' 
SY.. Jlbnoc l tntc s .c . P2 1,,0(14 ) 
. 0 10 . 2SSISI tl
0
4 . 746(l ) c 11 . 660(1) • /b2 . 161 c /b2 .. 878 
o 0 0 0 0 
"" -
Cl1noh1.ai t.e fro. _"vater ••• Y •• 0.5 . " . t A. N. U. Geoloqy 
Dept . ""-"ua Mo . M76). 
EP"" 9 :1 ... ( Mq • • 1,., "'0 • • 00' Tio . OS7)Si"OutOH.r)2 
Hurnite specimens 
d I 1. 49 1 
d A 
S.D' 
4 . 4 7 
1 . 8at 
1.70a 
] . 491 
1 . 452 
1 . ]4) 
1,411 
2 .7S6 
2 . 627 
2 . 618 
1 . 597 
J . SlS 
1 . 50 1 
1 . 401 
2 . 1&4 
1 . 350 
2 . 198 
1.250 
2 .141 
1 . 145 
1 . 869 
1.' .0 
1. 736 
1 . 681 
d A 
S . 04 
4 . 4 S 
1 . aH 
1 . 701 
1 . 488 
1 . 4 S0 
1.161 
1.2S1 
1 . lll 
2 . 917 
2 . 768 
2 . 7S6 
2 . 716 
2 . 686 
2 . 607 
2.S 4S 
2 . S16 
2 . 4 11 
2.393 
2.161 
2 . 108 
2 . 26S 
2 . 2S7 
2 . 1S6 
2 . 088 
d A 
' .04 
4 . 4) 
) . 867 
1.699 
1 . 48 ) 
).44S 
1 . 147 
1 . 118 
1 . 020 
2 . 769 
2 . 7)6 
2 . (0) 
2 . ~4 
2 . S16 
2 . 401 
2 . ]94 
2 . )6) 
2 . 270 
2.2S9 
2 . iS7 
2 . 087 
1. 747 
1. 742 
1 . 687 
1 . 628 
I I I I I 100 I BASIC I\AG"[SI~ SILICATE 
"-d . CuXoI 1 1. 5406 rilter Mono 
Cut oft U . ]S t/11 K1 c:rocMn.ai~ur 
SY • . Orthorll_tc 
.0 4 . 747(1) tlo 10 . 211 ( 4 ) 
S . C. Pbna 
c: 2O . 19S(8) 
o 
y -
MUILlt. Sa..pl e tn:- Mo...-..rk . SVe~ . 
01 • • CUJ.n1er 
• /b 0 . 4619 c: /b 2 . 0)1 
o 0 0 0 
• • c.-
(~ah *'-.~ ot ",- turd Iht.ory Mo . 2 21686) . 
EPMA 91.,.. ( Mg • • "l'" reo. " .. . MIlO . I U . C.0 . 0 07 t S l,o l ltOll . r)2 
d A 
4 . 98 
4 . 61 
3 . 911 
] . 6S8 
) . 480 
] . 4 19 
1 . 118 
1 .0 2. 
2. 999 
2 . 782 
2 . 7S1 
2 .109 
2 . 688 
2 . 601 
2 . S79 
2 . 450 
2 . 412 
2 . ll2 
2 . 295 
2 .261 
2 . 2S. 
2 . 232 
2 . 191 
2 .11 ) 
2 .026 





















































































































































































4~1'1~ ' Mq '0Ii") J 
d A 
1. " 8 
1. 61) 
1. 5)2 
1 • • 90 
1 . Ul 









4"'9,510.. ''''q(OH. r ) :2 
Cltnotu..-tte 
d A 





1 . 629 
1.619 
1 . S4 ) 
1.S)7 
1.~10 
1 . S02 
1 . 494 
1. 48S 
1 . )99 
1 . )96 
1 . )68 
1 . 348 
1 . 320 







1 . 618 
1 . S62 
1. 490 





1 . 1)2 
d A 
1 . 878 
1. 741 
1.74) 
1 . 692 
1 . 669 
1 . 629 
1. 510 
1 . 5~a 
1. 528 
1 . 419 2 
1 . 4a S 
1. 401 
1 . 192 
1.18 4 
1 . 148 
1.191 
1.18 7 





























































)4,411 . 624 
ina 
0. 0 
" 12 . 10 





009 .1) ) 
606 
i ll 
0 ' 0 
32 . 10 







1] . 10 
06. 
1l . 11 




170, 1 71 
Ml 
11 7 
127 . 340 
25.11 1 
' 00 
24 . 14 
'>B 
14 .11 
26 . 12, )67 
99 . 
Hurnite specimens (cont ' d) 
d I 1 . • 1 I 1 H r 1 . 74 ' 4 . ' 0 I 
111 1 I 100 I 9' I "I 141 BASIC .-CIO( SILtO SllICAT[ 
bd . C\1JI:aI O1 s , CUJn.1 er 
Cut ott U . )S IIlI JUc~t\A lt..c=-oet.. r 
SY • • Orthorhollbtc S .C. Pbn . (61 ) 
· 0 4 .717Ul bo lO . H'() Co 20 . I2S(S) . olbcP . 4626 co/bJ ' O).4 
Z .. 0. -
"'--.it.e fro. K6nda1.ay , 8w"aa 'Ir1U s h ~I.a ot Me tw-u 
,U . t.ory Mo . 8S2Il). 
EPMA Q'iv •• 1"'9, .711. Tio , o" . "'o.oo,IS1,o12(Ott,r) 2 
d I 2 . 2tl f 2 .76 f 1.7S 11 • 9 • J 
III I I 100 I 91 I 61 I 7 1 
R.ad . cwtca I 1 1. S4 06 Filter Mono 
BASIC .-GI<[SIUP1 SlliCAT! 
Sya . Or thort'lOllCtc s . c . Plln. (62) 
· olba·Un Co/bol.Ol9 
t.. 0. _ 
NUait.. t~ lreweter, M. Y., U.S • .\ . (A . M. U. Geoloqy Dept. . 
*.I .. ua MO. R47l). 
aHA 91 .... ("96 ' ''1 1' "o . 57t. T'i0 . OtilSl,OI210H,r,Z 
d 1 1. 74 I 2 . 4 5 1 2 . 26 I 4 . 97 I 
III I I 100 I 7S I 7S I 9 I 
Jl.Id . C\aJ(A1 ). 1. 5406 rUtAe Mono 
CUt o ff U . 1S 1 /11 I'Ucl'oden.lu:-eter 
BASIC '-GII[SILII SILICAT! 
Di • • Cu.1n.1u· 
SY • • Orthorhombic s .c . PbMd62) 
. 0 4 .74 2(2) b
o
l0.259(2) C 20 . 8)4 (11 
o 
• /b 0 . 4612 C Ib 2 .011 
o 0 0 0 
ttua1t.e t!'08 Mt . Ve.uviu • • aaly (Sait.heonlan. lnu . .1tuta 
(Matu.,rel Khtoryl No . 85697). 
EPMA qiw. (M96 . 717' "O . ln. ""'0 . 021- Alo .o, ,,, e.o . ou ) 
51,012 (Oft, r ), 
d ' 1. 14 1 2 . 21 1 2 . U I 
I II) I lOO r ,,-1 69 1 BASI C '-GII[SI UM SILICATE 
IYd . C\aJ(A1 01 • • Cuinhr 
cut. o rt 12 . 15 IlIl K1crodeM i a.ater 
S.C . ptra. (62) 
. 0 4 .111 UI b
o 
10 . 261(5) Co 20 .852( 9 ) .01'bc:P. 4611 co/bo 2 .0n 
Z 4 OIl _ 
"tait.e tro. Nt. Ye.uvlu •• It.aly . (ac1U.h l'k1ee". ( NatW'al 
Bhtory) No . 59)10). 
EPMA 91W1a (~.""' , reO.l lttS. ""o.o,,)Sl,Ol,IOH , r ) z . 
'J'hoM; lin •• not. indend .. y be due to pyroft.n. lUte 
COIIIIPOUf\d. . Qu •• t.jon aark. nert to .~ LncUce . indic.te 
that. h\ait. lin •• _ y be .u.perl~.ed on tho •• due to 
other ClOq)OUnd. qh1Aq ri .. to 1.ncrt ... d int.an . 1t.y. 
• 1 
4 . 60 
1 . '17 
) , 649 
) . U, 
]. 4" 
1 . )09 
2 . 771 
2 . 141 
2 . 698 
2 . S11 
2. 44 7 
2 . 4 00 
2 . 292 
2 .260 
2 . 2S1 







I . SSS 




4 . 11 
4 . 65 
).94 
1.U 
1 . 417 
) . 448 
1 .115 
1 . OlJ 
1 . 001 
2 . 908 
2 . 896 
2.780 





2 . 519 
2 . 4 54 
2 . 41 0 
2.)11 
2 . 295 
2.261 
2 . 156 
• 1 
4 .91 
4 . 604 
) . 914 
) . 651 
) . 482 
) . 4 )) 
) . 361 
). ])7 
3 . ) 14 
) .018 
2 . 990 
2.895 
2 . 869 
2.115 
2.751 
2 . 704 
2 . 655 
2 . 62) 
2 . 577 
2. 44 6 
1 . 428 
2 . )99 
2. )09 
2 . 262 
2 . 258 
4 1 
' . ' 5 
) .69 
) . 64 
).42] 
) .11 2 
) . 021 
2.889 
2 .11 ' 
2.146 
2 . 10) 
2 . 6'7l 
2.604 
2 . 571 
2 . ' 86 
2. 44 5 
2 . 401 
2. )01 
2 .28) 
2 . 261 
2 . 256 
2 . 228 
2 . 19) 
2 . 11 4 


























































" 11 ,. 
•• 



































































































































1 . 344 




2 . 191 
2 . 173 
2.111 
2 .065 
1. '7 46 
1. 1 40 














































2 . 114 9 
1. 94 1 1 
1.881 U 
1. 876 14 
1.807 





1. S65 21 
1. 551 1 
1. 548 <.5 
1. 541 14 
1.5)5 14 
1 . 529 
1. 52) 18 
1. 488 21 
1.482 4 ) 
1.)99 7 
1. ]98 







1 . 688 
1.665 
1.625 
1 . 600 
1.56) 
1 .555 





1. 4 90 
1.484 
1. )8) 






























~. lO . ll.14 













164 , 1'. 





)n . J.4 OVB 
06.10\111 
. 00 
































13 . 1.0 
06. 
2451 




'" . 251 ' 
)1< 






26 . 101 




d f 1 7. I 2 . 27 I 
1/11 I 100 J 9' I 
~d . ~1 rl1~r ~no 
Cut off l.l . lS t/ll Kicro6enalto-et.er 
S1' • • )bnocl tntc 
. 0 lO.nO(4) b
o 
4 . 7l6(l) c 7.'90() 
o 
• 109· 8(2)' ,-
BASIC oYoQo[SIl'" SILJCArr 
• /b 2.164 C /b 1.666 
o 0 0 0 
. , 
"'" -
Q\ondrodile aped..., fra. M.i ty . If . 't ., U. S . A . (Hatlona.} 
~ ..... of Victori . M:l , Nl 1792) . 
£PM found 1J4q • • '50 "'0.1'0 Tio.ao,' ISiO!.),(CIt,r), 
• 1 2 . 10 r 1.76 1 1.48 1 4 . 80 I 
III ) J "1 ·' 1 II I BA51C KAliH[SIUII SILJCAT! 
~d. ~1 ). 1. S406 rllter Mono 01a. C\Unler 
Cut off 12 .lS 1/11 M.1 crodenalu.etAr 
Sy. , fiIonocl1n1c s .c. P21 / 0 (14) 
O1ondrod.1te f~ Aaity, N . Y . , U . S . A. 
(ltI.ti~l Mu.e,- o f Ylct.ori_ No . J!Q)602) 
EPKA found Otl) •• I2., '.0 . 1". T10 .0 21' (S10.)2«Jt,')2 
• I "" I ) ..• I ' .6' I 7 . 41 1 
'/I, 1 100 I 60 I 60 I BASIC oYoQo: SIUH SllICAT! 
"d. C\lJ.a;1 ). l.S406 ,ilter Mono 01_ . Cuinier 
Cut off U . JS IIlI KlcrodeM1toeet.er 
~---------------------------------
Sy. . I-bnocl1ntc S.C . '2 1/0 (1 4 ) 
. 0 10.267(l)b
o 
4 .74 0(2) c 7 . 8JJ(2) 
o 
. /b2.166 c/b 1.65) 
o 0 0 0 
"'" -
Chondrod.lt. apec u.m fro. P&r9ll., ,1.nland . (Nation&.l 
-.aeu. of Victoria Mo . KlJ606, . 
EPMA ahowed (Mq" . I2) "0.11' Alo . OU,s(Slo..'2(CII. ' " 
• 1,.15 1 .. ,0 1,.,. 1 .... 1 
1/11 1_ 1001 6s.1 47 1 9 I 
tt.d . CW(A I ). 1.S406 rlltAr Mono 
1109·0(2)' T -
Clonc1rocUta fro- anurl0, c..n.da . 
(A. M.a. c.oloqy Dept . MuIIe~ 110 . 25415). 
BASIC MAGNE.SIUH SILICATE 
% , Do _ 
DMA _how (I"iII .n J, hO.OH' T10 . OIO') (I10-.'Z(CII,rljl 
• A 
C o 8) 
' .000 
1 .72 2 
). S6S 
J . • ,9 
1. ]97 
) .02 
2 . 9)1 
2 . 852 
2 .761 
2 . 61) 
2 . 623 
2 . 519 
2 . 489 
2 . 428 
2 . ll4 
1 . )0) 
2.912 
2 . 265 
2 .2 59 
2 . 154 





4 . 80 
).900 
) . 68S 
) .S)O 
3 . 496 
) . 161 
) .0 ]0 
2.9H 
2 . 862 
2 .782 
2 . 6% 
2 . 641 
2.546 
2 . S10 
2 . 465 
2 . 364 
2 . 142 
2.ll1 








7 . 406 
4 . 861 
' .000 
).707 
) . !>60 
) . 48S 
) . )99 
2 . 919 
2 . 849 
2.158 
2 . 670 
2 . 616 
2.566 
2.514 
2 . 4 6 4 
2 . 423 
2 . )19 
2 . )02 
2 . 282 
2 . 255 






4 . 86 
) . 918 
) .702 
).S61 
J . 480 
).14S 
1 .016 
2 . 751 
2.667 
1 . 60' 
2 . ~9 
2 . 426 
2 .)18 
1 . 180 
2.161 
1 . lS6 
2 . 141 
2 . 111 
1.149 
1.10) 
1. 7 40 
1.7)7 
1. 704 
































































































































































































1 . 576 
1 . 569 
1 . 541 






1. 4 12 










1 .70 ) 




1 . 504 
1.500 
1 . 491 
1 . 48] 
1 . 419 
1 . 411 




















14 lOS'!!. 521 
21 ])1 
45 1)) 





































1. )49 14 lI. 
Oll 1.]44 SO 





1 . 8)5 
1 . 79) 
1.176 
1.1)8 
1 . 705 
1 . 694 
1.622 














1 . 614 
l.S71 
1 . 562 
1..S)9 
1 . nO 
1 . 500 
1 . 489 
1 . 4 76 
1 . 472 
1 . 410 
1.411 





<5 <, <, <, <, 
100 
10 
























LuttS TO 1.1)1 
2M9Z510 • . Mq(0It."2 
OIondrod1 t.e 






































. I 1·7)1 
1/111 l00! ",IC !W)t[SILI< SllICAI[ 
.... d. C\&.ItQI 
01 . , CUJn.1 . ,. 
Cut ott U . 1S 1 / 11 JUc.roden.l~t..,. 
• /b 0. 4 51J C' ,IbO.IS}!. 
o 0 0 0 
I - 1 - Do< -
tcrberqltA f"*, lAity. N. T ., U.S. A . U .. Uona} Mu ..... of 
Victoria Jib . 1O)6()1) . 
EPIO. qiv .. 1"'9:r."". re • . 012)S1Ot.,(OIU, 
III I I 100 1 91  70 j BASIC 1IA~[SIlJ4 SllICAT[ 
It.ad. CWCaI 1 1. 5406 r ll t"e c Mono 0;1 . , C\J.1nJ. . r 
S , C . P'I:Jn..- (61, 
. 0 4 . 706(2) b
o 
10. 275 (ll co., 771 (4 ) 
1 -
• /b 0. 4 510 c /bO . 8S16 
o 0 0 0 
• • Do< -
)brberqita fro. I"ranlr.lln. N. J., O. S . A. (A • • • O. c:..ologoy 
o.pt. . ~ ..... M;). 12019). 
DNA. 91 .... . U'9:z.'Sl ' r.O . 05]' Ti O• OOl 'Slo..(C*12 
d 1 ,.641 1.481 4 . )~ "'9,S1C~(C»I12 
III I I 100 I 121 BASIC 1IA~[SIlJ4 SILlCAT[ 
~d. CUXaI l 1. 5406 ,illAr Mono 
5)'1. Or thorhollbf c S.C. Pbn. (62, 
.0 4 .702(1) b lO . l69() 
o 
c I. 75S (l) 
o 
• j'bO. 4 S79 e /b 0 . 1326 
o 0 0 0 
% .. 011 -
K:Jrblirqit. fro. P'ranlr.lln • • • J .• U. S . A. ( Na t.1on&.1 Hue_1M of 
Y.!.ctDri . No . kll964). 
D'IV. '11 .... 11192.,,,. hO. OOl ' 1'iO. OOJ 'SiOtr.(ClI), 
For s t erite Specimens 
11
1,1 1001 871 711 
SollJ 
10 J IlAGH£5IlJ4 SILICATE 
"d. CWCal D:1& . CUin.i e r 
C\lt ott 12 .15 III I fIlicrod.en.l u..ter 
SY.. Orthorhattltc s .c. JIt:J",. ('2, 





P'Dnterl~ fro- South Au.at.r&.l1a . 
IMaUanal ~ ..... ot Yict.Qci a Mo . K2lUl) . 
t.PtU 9 1., .. 1"'91.16)' reo. Il6)Sl~ 
a /b 0 . 4654c- /b 0.SU6 
o 0 0 0 
• • "" -
ln4J.oaa l..n brac:tau ere attzlbutAble to reSiO, . The reflned 
wtit cell fo~ t.~Ui~ is .0 · 11 . 4'(4', b
o 
- ' . 96(2) , 
Co - 5 . 26(4, 
• 1 
~ . 1) 
.0 )H 
4 . 27) 
" . 14) 
1 . ))) 








1 . ll9 
1 . 294 
1 .2S7 











' • • 7 
4 . J6 
) . )7 
1 . )0 
1.221 
).06) 
2 . 9], 




2 . 601 
1 . 589 
2.512 
2 . 48} 
1.46) 
1 . 410 
2.ll9 
2 . 296 
1.2S8 
2 . ll5 
2 . 19} 
1 . 1S8 
2 . 142 
• A 
4 . 174 
1 . ))6 
3.228 
) .o ~n 
2.640 
2. 464 
2. 4 10 
2 . )40 
J.lt) 
2 . 258 
2.:Ul 
1 . 9S1 
1.917 
1 . 7)4 
1. ns 
1. 4 79 
1. 4 76 
1. 4 58 
1. 400 
1.])) 
1 . 201 
• l 
7.12 
5 . 109 
1 . 900 
1 . 719 
1 . S01 
1.486 
) . 211 
] . 011 
2 . 998 
2.946 
2."S 
2 . 170 
,. "" 
2 . SlO 
2 . 5019 
2 . 462 
2 . lS4 
2 . )21 
2 . lOS 
2 . 2l) 
2 . 2S5 
2.219 
2 . 1'1 



























































































































































































1 . 48) 
1.478 
1. 461 
1 . 409 
1.402 












1 . 7]9 
1.127 
1.604 
1 . 595 
I.S84 
1.576 
1 . 4el 
1. 4 11 
1. 460 
1. 408 











































































Norl>orgl t • 
• A 
• A 
2 . 105 
2.041 
2 .011 












1 . 6U 
1 . 5092 
l.S71 




1 . 410 
1.411 
pI .. 























)9 004 ,1 21 
SO 062 ,014. 
14 8SO . 1102) 
24 Unou t.c 1 . 100 
102 . 
--
Forsterite specimens (cont'd) 
1. n I !» .lO I 
1/1 1 I 100 1 79 1 " I 10 I ~~[~I~ ~llICAr[ 
"'d · ~1 ), 1.S406 rlltAol' Mono Dl . , CUin.1 er 
Cut. ot t 12 . )5 1/1 1 IU croct.n.lu-etAr 
5y • • Orthorl'u:)IIt dc S , C. Pbnll(62) 
. 0 .. . 1686171 b
o
lO .l0S(2) c05 . 988IU 
l -
P'brat.er!te fro- MortlaJte, Ylct.orJ . , Au.t . 
OM 91 __ 1"'9 1 . ... ' "' 0 - 150 KiO . DO.ISlo-. 
d 1,.461 1.751 , .52 15.11 I 
IIl I I 100 I 81 1 19 I 21 I 
PUter ~no 
~t oU 1l . )S 1/1} K1croden.l1u-eur 
~GH[ ~lUH ~llICArE 
ru., Cuin.1er 
SY . . Orthorhollbtc S.C . ,b\a (6 2 ) 
a
o 
4 .767(2) b 10 .119( 4 ) 
o 
. 0IboO. 46"colbo O. S881 
•• Ox 
POret.erite fro- 801t.an, M&aa . , O. S. A. ( ... Uonel Mu •• u. o t 
Victoria lb . S57l) . £1'"" 9i Y''' (",cJ1 . HO r.O .070)S1o.. 
Indl.c-e. In brackets are a ttributable to e itile,. hyper.thene 
("'9.r. 'lSi2ot; or terTOdl1t.e ,..S10,. 
Sonoli~G s~cc inens 
d 11 . 88 11 .&2 1 2.70 . L 1.6J J 
Ill) 1 100 1 19 t 19 I '8 1 
). 1. 5406 rUter Mono 
~t ott ll . )S Ill} Mi c rocSeNl1u.et.er 
8~lC _GAHE~[ ~lLlCATE 
Di • • Cuin!er 
Sy. , f'bnoel ink S . C . ' 21/a (1 4 ) 
11100 · ))(5)' Y -
s....,la fro- 8dd Dtob • .u1e9h.any Q)unty, M. C&rolin . , U. S. A. 
lu,lwre1ty ot M.l. c:M~ GeolOCJY Dept. Mo . 6)5) . 
OM 9" ..... ("" • • • " Mq O.}Oi "'o.os .. .u o. Oll caO.Ol .. IS!"Ou 
(P,ORI2 
d 1 2 . 19 1 1. II 12 •62 I ). 91 1 
111 11 100 1 77 1 41 1 _GAHE~E ~lllCATE 
Red . C'UJCAI ). 1. !.406 ril tAr Mono Di . , CU1nier 
CUt oft ll.J!. IIlI M1 croden.si~Ur 
SY . . Menoel tntc S.C . '21/0 (1 4 , 
.010. 6S(2) b
o 
4 . 9)9(1) Co U . )0(2) . 0/b: · 1SS colbo2 . 196 
• )()() - 46 II)' y -
"" -
5cnol1t.. fro. Itck.k.e yino . Kyoto , ... tact."'"",.Jap.n 'M a t.1onal 
Sc1e.nee ~u. o f .Japan ...... ~ Mo . Ml1072l . 
D M 9t ... ' -' 7 . 2t1 "'9 }.070 cao . sa Ti o . 05J "' 0 . 0" AlO . 027) 












1 . 151 
1 . )21 
1.271 
2 . 150 
1 . 160 















1 . 480 
1.007 












2 . 196 
2.1S8 
2 .094 
2 . 0SS 
2 .01& 








2 . 819 
1 . 709 
2 .696 
2 . 660 
2.612 
2 . 509 
2. 462 
2 . 44 J 
2 . 4 12 
2 . )6 4 
2 . )4 0 
2.196 
2 . 021 
1 . 81) 
1 . 802 
1 . 787 
1. 74 7 
1.695 
1.689 
1 . 565 
• l 





2 . 709 
2 . 702 
2 . 660 
2 . 618 
2.561 
2 . 511 
1 . ~1l 
2 . 4 71 




1 . "I 
1 . 707 
1.69) 





































































































































































]11 , 114 
)11 
20!.MP 



















1 . 602 
1 . 590 
l.Hl 
1 . 568 
1. 516 
1. 511 
1 . 505 
1. 4 96 
1. 4 79 
1.417 
1. )99 
1 . )95 
1 .189 
1.151 



















































'" 4I OO,OlSnp 
1.100 













1 . 499 
1. 491 
1. 4 77 
1.41S 
1 . 19S 
1.1&8 
1 . )86 
1. lSS 
1. ) 4 9 







1 . 54 7 





































L l.Ei 6 LIN"C '!O 1.099 









Sono1ite specimens (cont I d) 
d _1 ' 46 I 2 .~ I 1 . 19 I ) ~. I 
1/ 1 , 1 '00 1 .. 1 .. 1 11 1 BASIC "'-'tGN([S[ SILlCAn 
Ol e , C\lJ.,\.hc 
CUt ott U.U IIII K1cnld.n.da..tAr 
Sy. , Iibnoc11ntc 
.0 lO . SU(S) b
o 
4 .711(1) • /b 2 . 20) c /b ).010 o 0 0 0 
• 100· nil)' , - z , "" -
SonOlttA fro- U,nqlbeao, ~den (S\4dhh ~~ ot Mat\U" a l 
liawry No . 2!>61~). 
DMA ahc)o.f. ' '''S .SSl "'-U . UIo Alo .ou Tio . oU CaO.OllISl"OI' 
Ir ,an, 
tl'Wy be du- tD bu8t.aa1t.a. 
A11eghanyite specimens 
• 1 
1 . 11 
1 . S81 
1 . lOS 
2 . 9'" 
2 . 849 
2.823 
2 . 729 
2 . 681 
2 . 617 
2 . S7S 
2 . 481 
2 . H6 
2.110 
:2 . )l S 
1.790 
1.725 
1 . 68) 
1 . 664 
1 . 525 
1 . U4 
d I Lia 1 2 . 86 11.81 1 S.09 J 
1/11 I 100 I 94 1 12 I 6 I IWIGAHES[, MAGHESIlJ4 SILICATE 
k6d . ~I riltae Hono 0;1 . , C\Un1er 
SY.' Monoclinic 
A 
s.t;. P2 t .4f (4) 
.0 10.882( 4 ' b
o 
4 .842(1) a /b 2.247clb 1.104 o 0 0 0 
• loa- )7(1)'T - z , 
"" -
AlI~h&nyit.e frc. hank!in, su .• • u County, Ne'" J eney. U.S.A. 
(H ..... rd M.ineuloqicel MU8e1.a Mo. 91179) 
EP"", qiv .. '''''''-.10']. "90 .1010'. TiO . 007)S120,IOH,"Z 

























1/1 I I 
··1 16 1 ., 1 MAHGAHE5[, MAGHESIlJ4 SILICATE 
~d. CUJ.o I ,ilter Mono Dia . CU1nier 
Cut off 12 .1S 1/11 Microdenal ta.eter 
Sye. ~nocl ink 
co 
s.c . • 2111 (1') 
.0 10.808(6) b
o 
4 . 'S9(S) Co 8 . 267(7) • /b lo22 4 c /b 1. 701 o 0 0 0 
I 108· )8( 4 )' T - z , 
""-
Al leqh.&nyita t". aea. J.nab. All.-qhanyite COt.lnty. Morth CUo.ll.Aa . 
ISt.&ndlorcS M1naraloqical *eel,a No. 4S17 ) 
E.PtU. 9iwa 1Mn...7U' MIIO.10" "'O .02lr TiO.Oll' AlO .Oll' CaO.Oll) 
Si2otI CII • r )2· 
t'hoea Une. not lnd .. ed probably belonq to "'phroiu. IMn2S10.' . 
d I 1.8.2 I 1.81 I 2 . 17 I S . 07 I 
1/1 1 1 100 1 100 I 92 I IS I 
It.ad . CUJ.o 1 ). 1.5406 rlltar Mono 
Cut off 11.)S I/II MicrocSet\lll~t.ar 
BASIC """'GMESE SILlCArr 
Die. C\liniar 
$ye. ~nocl tntc "' S.C . P2 11) (14) 
. 0 10. 719(1) b
o 
4 .880(1) Co 8 . 272(2) • /b 2.196Sc /b 1.6951 
o 0 0 0 
8}00· 11(1) ' T -
"" -
Alle9h&nyit.e t,.". P'ranJtlLn, Su .... ODLV'Ity. lie'" Jersey. 
U. S . A. (KArvard KineralOCJical ~el,a No. 91179) . 





























1 . 618 
1 . 511 
).1S1 
2.9~1 
2 . 871 
2 . 780 
2 . 742 
2 . 710 
2 . 702 
2 . 61S 
2 . 541 
2 . 4)9 
2 . 429 
2 . ]97 
2 . )68 
2 . )50 
lollS 
1.810 
1 . 79] 
1 . n8 
1. 71) 
1 . 70S 
1.696 
1.688 

















































































































































































1 . S88 
1.S67 
l.SS6 
1 . 550 
I . U9 

























1. S1 f 1. 57 1 2 . !>ol 1)·99 J 
l/I11 
,, ' 00 ' " I MHGAJlESE. "'GIIESI~ SILICATE 
.... 15 . CUJta I Pi ltar Mono w. .. . C;uinier 
SY.. OrthorttOlC:ltc 
· 0 4 . 79 7 U I b
o 
lO . S09(9, 
S oC . pbn. "') 
c 6 . 111 ( <4 ) 
. 
a /b 0. 4 565 c /b 0.S882 
o 0 0 0 
0. -
"'phrolte !"* t.In~n. S\4den (Swedhh "' ..... o f "- lura l 
H..ht.Ory Ito . q 159)4 ). 
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